Louisiana State University

LSU Digital Commons
LSU Doctoral Dissertations

Graduate School

2016

Ultrafast and Nonlinear Spectroscopy of Colloidal Nanomaterials
Tony Eugene Karam
Louisiana State University and Agricultural and Mechanical College

Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_dissertations
Part of the Chemistry Commons

Recommended Citation
Karam, Tony Eugene, "Ultrafast and Nonlinear Spectroscopy of Colloidal Nanomaterials" (2016). LSU
Doctoral Dissertations. 515.
https://digitalcommons.lsu.edu/gradschool_dissertations/515

This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It
has been accepted for inclusion in LSU Doctoral Dissertations by an authorized graduate school editor of LSU
Digital Commons. For more information, please contactgradetd@lsu.edu.

ULTRAFAST AND NONLINEAR SPECTRSOCOPY OF
COLLOIDAL NANOMATERIALS

A Dissertation
Submitted to the Graduate Faculty of the
Louisiana State University and
Agricultural and Mechanical College
in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy
in
The Department of Chemistry

by
Tony Eugene Karam
B.S., Saint Joseph University, 2008
M.S., American University of Beirut, 2011
May 2016

ACKNOWLEDGMENTS

I am very grateful to Professor Louis Haber for providing me with the opportunity to join his
group and to work on all these exciting research projects. I am very thankful for his constant
encouragements, guidance, and support. All of this work would have not been possible without his
mentorship and motivation. I am also very grateful to Professor Isiah Warner for his constant support and
encouragements. I am also thankful for the opportunity to be part of the collaborative work with his
research group. Additionally, I would like to thank my Committee members Professor Les Butler and
Professor David Young for their time and guidance. I am also very grateful to Professor Kenneth Lopata
for his support and valuable advices.
I am deeply indebted to Dr. Noureen Siraj for providing me with the nanoGUMBOS samples. I
greatly appreciate all the great work she put towards this project and all of the valuable discussions we
had. I am grateful to Dr. Raphael Cueto for his immense help with the characterization of the nanoparticle
samples. Moreover, I am very thankful for the help given by Dr. Xin Li and Professor Gerald Schneider
on the X-ray and neutron experiments. I would also like to thank Dr. Christopher Stanley at Oak Ridge
National Laboratory for his exceptional help with the SANS experiment and Dr. Sungsik Lee at Argonne
National Laboratory for giving me the opportunity to perform the SAXS and ASAXS experiments. I am
also grateful to Dr. Dongmei Cao, Dr. Xiaochu Wu, and Ying Xiao for their help with electron
microscopy and Dr. Thomas Blanchard for his help with ICP-OES. Furthermore, I am grateful to Dr.
Zhenyu Zhang for his help and support with the laser system. Finally, I would like to thank the members
of the Haber group: Raju Kumal, Emily Harwell, Rami Khoury, Holden Smith, Joel Taylor, and Jeewan
Ranasinghe. It has been a real pleasure working with all of you.

ii

TABLE OF CONTENTS
ACKNOWLEDGMENTS………………………………………………………………………………....ii
LIST OF FIGURES……………………………………………………………………………………....vii
LIST OF SCHEMES………………………………………………………………………………….....xiii
LIST OF ABBREVIATIONS…………………………………………………………...……………….xiv
ABSTRACT…………………..…………………………………………………………………..……..xvii
CHAPTER
1 INTRODUCTION………………………………………………………………………………....1
1.1 Surface Enhanced Plasmon Resonance…….………………………………………………….1
1.2 Optical Coherence……………...……………………………………………………………...2
1.3 Nonlinear Spectroscopy……………………………………………………………………….3
1.3.1 Overview of Nonlinear Spectroscopy……………………………………………………3
1.3.2 Second Harmonic Generation……………………………………………………………5
1.4 Ultrafast Spectroscopy…………………….…………………………………………………..6
1.5 Plasmon-Exciton Resonance Coupling………………….…………………………………….6
1.6 Scope of the Dissertation…………………….………………………………………………...7
1.7 References……………………………………………………………………………………..8
2

MOLECULAR ADSORPTION AND RESONANCE COUPLING AT THE GOLD
COLLOIDAL NANOPARTICLE INTERFACE………………………………………………...11
2.1 Introduction…………………………………………………………………………………...11
2.2 Experimental Section…………………………………………………………………………12
2.2.1 Nanoparticle Synthesis and Characterization…………………………………………..12
2.2.2 Second Harmonic Generation…………………………………………………………..14
2.3 Results and Discussion……………………………………………………………………......14
2.4 Conclusion….…...………………..……………………………………...................................23
2.5 References………………………………………………………………..................................24

3

REAL-TIME MONITORING OF THE GROWTH OF SILVDR NANOSHELLS WITH
ENHANCED NONLINEAR OPTICAL RESPONSE...................................................................28
3.1 Introduction...............................................................................................................................28
3.2 Experimental Section................................................................................................................29
3.2.1 Nanoparticle Synthesis....................................................................................................29
3.2.2 Characterization..............................................................................................................30
3.2.3 In-Situ Second Harmonic Generation.............................................................................30
3.3 Results and Discussion.............................................................................................................30
3.4 Conclusion................................................................................................................................33
3.5 References................................................................................................................................34

iii

4

ENHANCED PHOTOTHERMAL EFFECTS AND EXCITED-STATE DYNAMICS OF
PLASMONIC SIZE-CONTROLLED GOLD-SILVER-GOLD CORE-SHELL-SHELL
NANOPARTICLES…………………………..………………………………………………..…37
4.1 Introduction...............................................................................................................................37
4.2 Experimental Section................................................................................................................38
4.2.1 Nanoparticle Synthesis....................................................................................................38
4.2.2 Characterization...............................................................................................................40
4.2.3 Photothermal Analysis.....................................................................................................40
4.2.4 Transient Absorption Setup.............................................................................................41
4.3 Results and Discussion.............................................................................................................41
4.4 Conclusion................................................................................................................................50
4.5 References................................................................................................................................51

5

ENHANCED PLASMON-EXCITON RESONANCE AND FLUORESCENCE AT THE
SURFACE OF COLLOIDAL GOLD-SILVER-GOLD CORE-SHELL-SHELL
NANOPARTICLES……..…………………………………………………………………..……55
5.1 Introduction...............................................................................................................................55
5.2 Experimental Section................................................................................................................57
4.2.1 Nanoparticle Synthesis and Characterization...................................................................57
5.2.2 Second Harmonic Generation...........................................................................................58
5.2.3 Transient Absorption Setup..............................................................................................59
5.3 Results and Discussion.............................................................................................................59
5.4 Conclusion.................................................................................................................................71
5.5 References.................................................................................................................................71

6

EXCITED-STATE DYNAMICS OF SIZE-DEPENDENT COLLOIDAL TIO2-AU
NANOCOMPOSITES……………….……………….……………………………………..........75
6.1 Introduction...............................................................................................................................75
6.2 Experimental Section................................................................................................................76
6.2.1 Synthesis and Characterization of TiO2-Au Nanocomposites……….…………………76
6.2.2 Transient Absorption Setup………………….…………………………………………77
6.3 Results and Discussion………………….…………………………………………………....78
6.4 Conclusion………………….………………………………………………………………...86
6.5 References……….......…….………………………………………………………………....87

7

ANOMALOUS SIZE-DEPENDENT EXCITED-STATE RELAXATION DYNAMICS OF
NANOGUMBOS……………………………..………………………………..………………....91
7.1 Introduction………………….…………………..……………………………………………91
7.2 Experimental Section………………….………..…………………………………………….93
7.2.1 NanoGUMBOS Synthesis………………..….…………………………………………93
7.2.2 Transient Absorption Setup…………..……….………………………………………..94
7.3 Results and Discussion………………….…..………………………………………………..95
7.4 Conclusion………………….……………………………………………………………….103
7.5 References………………….………………………………………………………………..103

iv

8

EFFICIENT PHOTOINDUCED ENERGY TRANSFER IN PORPHYRIN-BASED
NANOGUMBOS…………………………..…………………………………………………....109
8.1 Introduction………………….………………………………………………………………109
8.2 Experimental Section………………….…………………………………………………….111
8.2.1 NanoGUMBOS Synthesis………………….…………………………………………111
8.2.2 Transient Absorption Setup………………….………………………………………..112
8.3 Results and Discussion………………….…………………………………………………..112
8.4 Conclusion………………….……………………………………………………………….118
8.5 References………………….……………………………………………………………….118

9

BRILLIANT GREEN NANOGUMBOS WITH ENHANCED SECOND HARMONIC
GENERATION AND NEAR-INFRARED ...ISSION………………….………………………122
9.1 Introduction………………….………………………………………………………………122
9.2 Experimental Section………………………….……….……………………………………123
9.3 Results and Discussion………………….…………………………………………………...124
9.4 Conclusion………………….………………………………………………………………..128
9.5 References………………….………………………………………………………………...128

10

EXCITED-STATE DYNAMICS OF CARBAZOLE – BETI NANOGUMBOS………………131
10.1 Introduction………………….……………………………………………………………..131
10.2 Results and Discussion………………….………………………………………………….131
10.3 Conclusion………………….……………………………………………………………....134
10.4 References………………….………………………………………………………………134

11

CONCLUSION…………….………………………………………………………………...…135
11.1 Ultrafast and Nonlinear Spectroscopy of Plasmonic Nanoparticles………………….…...135
11.2 Ultrafast and Nonlinear Spectroscopy of NanoGUMBOS………………………………..136

APPENDIX
1 ADDITIONAL SHG FITS AND RESONANCE COUPLING ANALYSIS…………………...139
A1.1 Second Harmonic Generation Data and Fits………………………………………………139
A1.2 Polaritons and Fano-Type Resonances at the Colloidal Gold Interface Measured Using
Absorption Spectroscopy…………………………………………………………………..141
A1.3 References…………………………………………………………………………………146
2

GOLD-SILVER CORE-SHELL NANOPARTICLES TEM IMAGES AND SHG SPECTRA..147

3

GOLD-SILVER-GOLD CORE-SHELL-SHELL NANOPARTICLE
CHARACTERIZATION…………………...…………………………………………………...149
A3.1 Additional TEM Images and Extinction Spectra…….……………………………………149
A3.2 Photothermal Study.…….…………………………………………………………………151
A3.3 Power-Dependent Transient Absorption Study...…………………………………………153
A3.4 References…………………………………………………………………………………155

v

4

RESONANACE COUPLING AT THE SURFACE OF GOLD-SILVER-GOLD
CORE-SHELL-SHELL NANOPARTICLES………………………………………………..…156
A4.1 Additional TEM Images and Spectroscopy………….……………………………………156
A4.2 Additional SHG Data……………………..………….……………………………………159
A4.3 Additional Transient Absorption Data…………………………………………………….162
A4.4 References…………………………………………………………………………………164

5

ADDITIONAL CHARACTERIZATION OF TiO2-Au NANOCOMPOSITES……………….165
A5.1 Analysis of TEM Images…………………………….……………………………………165
A5.2 Phonon Analysis……….…………………………….……………………………………168
A5.3 References…………………………………………………………………………………170

6

CHARACTERIZATION OF [Ru(bipy)3][BETI]2 NANOGUMBOS…………………………..172
A6.1 Characterization of GUMBOS and NanoGUMBOS...……………………………………172
A6.2 Transient Absorption Time Profiles and Fits………...……………………………………176
A6.3 Phonon Analysis of [Ru(bipy)3][BETI]2 NanoGUMBOS ...………………………….…178
A6.4 References…………………………………………………………………………………185

7

SYNTHESIS AND CHARACTERIZATION OF PORPHYRIN-BASED NANOGUMBOS…186
A7.1 Materials……………………………………………………………………………...……186
A7.2 Absorbance and Fluorescence Spectra…………………………………..…………...……187
A7.3 TEM Images…..……………………………………………………………………...……189

VITAE….……………………………………………………………………………………..……..190

vi

LIST OF FIGURES

Figure 1.1. Illustration of the electrons oscillations at the surface plasmon resonance…………………….2
Figure 1.2. (a) Scheme of sum-frequency generation at a crystalline surface. (b) Energy-level
description of sum frequency-generation…………………………………………………………………...5
Figure 2.1. Transmission electron microscopy image of gold nanoparticles on a carbon-coated copper
grid. After analysis of 500 particles, the nanoparticle diameter is determined to be 80.0 ± 6.1 nm………13
Figure 2.2. Extinction spectrum of 80 nm colloidal gold nanoparticles diluted in water (red line)
overlapped with the best fit using Mie Theory (dotted black line) at a concentration of 6.8 × 10 8
nanoparticles/mL…………………………………………………………………………………………..14
Figure 2.3. Spectra of gold nanoparticles solutions at various (a) malachite green, (b) brilliant green,
and (c) methyl green concentrations. The SHG peak is detected near 400 nm…………………………...15
Figure 2.4. Adsorption isotherm results (black dots) obtained from second harmonic generation
measurements as a function of (a) malachite green, (b) brilliant green, (c) and methyl green
concentrations. The experimental data are compared with the best fits from the modified
Langmuir model (dotted red lines)………………………………………………………………………...17
Figure 2.5. Extinction spectra of gold nanoparticles capped with MSA in water at increasing
brilliant green concentrations after subtracting the spectra of the dye alone in water at the
corresponding concentrations. The 80 nm colloidal gold nanoparticles are initially diluted
to 3.7 × 108 nanoparticles/mL in water……………………….....………………………………………19
Figure 2.6. Difference spectra obtained from subtracting gold nanoparticle and dye molecule
extinction spectra alone in water from the spectra measured from mixtures of both at
corresponding concentrations for (a) malachite green, (b) brilliant green, and (c) methyl green…………20
Figure 2.7. Spectral analysis of representative difference spectra from the dye molecules (a) 362 nM
malachite green, (b) 3.50 μM brilliant green, and (c) 2.26 μM methyl green interacting with the
colloidal gold nanoparticles in water. The residuals show a combination of polariton peaks and
Fano-type resonances……………………………………………………………………………………...21
Figure 2.8. Depletion intensities of the plasmon (solid red line) and the molecule (solid blue line)
as well as the polariton |P-⟩ (dashed green line) and |P+⟩ (dashed orange line) intensities at
different (a) malachite green, (b) brilliant green, and (c) methyl green concentrations…………………..23
Figure 3.1 (a) Extinction spectra of 65-11 nm gold-silver core-shell nanoparticles. The experimental
results are overlapped with the best fit using Mie Theory at a concentration of 1.5 × 109
nanoparticles/mL. (b) HRTEM image of gold-silver core-shell nanoparticles. (c) SAED of
gold-silver core-shell nanoparticles……………………………………………………………………….31
Figure 3.2 SAXS spectra of (a) the gold core and (b) gold-silver core-shell nanoparticle samples
in water. The experimental data are fit using a polydisperse lognormal model…………………………..31

vii

Figure 3.3. (red dots) SHG time-profiles of the growth of the silver shell on the surface of 65 nm
gold silver nanoparticles in water achieved by reducing AgNO 3 by adding ascorbic acid and
sodium hydroxide. (blue dots) SHG time-profiles of the reduction of AgNO3 using the same
ascorbic acid and sodium hydroxide concentrations in water……………………………………………..32
Figure 3.4. SHG spectra of (red line) 65 nm gold nanoparticles, (blue line) 70 nm silver
nanoparticles, and (green line) 65-11 nm gold-silver core-shell nanoparticles in water at the
same nanoparticle concentration. The SHG peak is detected near 400 nm…………………......………...33
Figure 4.1. TEM images of gold-silver-gold core-shell-shell nanoparticles with (a) 12-12-12 nm,
(b) 12-18-10 nm, (c) 12-24-10 nm, (d) 12-12-5 nm, (e) 12-18-10 nm, and (f) 12-24-10 nm
core-shell-shell sizes, respectively………………………………………………………………………...42
Figure 4.2. Normalized extinction spectra of different samples of the colloidal gold-silver-gold
core-shell-shell nanoparticles obtained by varying the thickness of the gold and silver shells.
The size of the gold core is 12.0 ± 0.9 nm, and the thickness of the silver shell is (a) 12.0 ± 1.1 nm,
(b) 18.0 ± 1.6 nm, and (c) 24.0 ± 2.1 nm, respectively. (d) The position of the plasmon extinction
peak wavelength varies linearly with the ratio of the gold shell thickness to the overall particle size……44
Figure 4.3. Temperature change over time upon irradiation with 1.7 W of 800 nm laser light of
(black dots) water, (red dots) 54 nm colloidal gold nanospheres, (green dots) colloidal gold
nanorods, and (blue dots) 12-12-30 nm colloidal gold-silver-gold core-shell-shell nanoparticles.
The laser beam is unblocked at time 0 s..…………………………………………………………………44
Figure 4.4. (a) Transient absorption spectra of 54 nm colloidal gold nanospheres at different
time delays after excitation with a 400 nm pump pulse. (b) Transient absorption time profiles
of 54 nm colloidal gold nanospheres at 480 nm and 535 nm probe wavelengths with
corresponding fits………………………………………….………………………………………………45
Figure 4.5. Transient absorption spectra of colloidal gold nanorods at different time delays
using (a) 400 nm and (b) 800 nm excitation pulses. (c) Transient absorption time profiles of
colloidal gold nanorods at a probe wavelength of 750 nm using 400 nm and 800 nm pump pulse
excitation wavelengths with corresponding fits…………………………………………………………...47
Figure 4.6. Transient absorption spectra of 12-12-30 nm colloidal gold-silver-gold core-shell-shell
nanoparticles at different time delays using (a) 400 nm and (b) 800 nm pump pulse excitation
wavelengths. (c) Transient absorption time profiles of these nanoparticles measured at 750 nm
using 400 nm and 800 nm pump pulse excitation wavelengths with corresponding fits………………….48
Figure 4.7. Normalized extinction spectra of 12 nm colloidal gold nanoparticles (black line),
30 nm colloidal gold-silver core-shell nanoparticles (red line), 35 nm colloidal gold-silver-gold
core-shell-shell nanoparticles (blue line), 47 nm colloidal gold-silver-gold-silver
core-shell-shell-shell nanoparticles (green line), and 53 nm colloidal
gold-silver-gold-silver-gold core-shell-shell-shell-shell nanoparticles (purple line)……………………...50
Figure 5.1. (a) TEM image and (b) extinction spectrum of 105 ± 7 nm gold-silver-gold
core-shell-shell nanoparticles. The experimental spectrum are fit using Mie theory……………………..58

viii

Figure 5.2. SHG spectra of the colloidal 105 ± 7 nm gold-silver-gold core-shell-shell
nanoparticles at various (a) malachite green, (b) brilliant green, (c) methyl green,
and (d) rhodamine 110 concentrations…………………………………………………………………….60
Figure 5.3. Adsorption isotherm results (black dots) obtained from second harmonic generation
measurements as a function of (a) malachite green, (b) brilliant green, (c) methyl green, and (d)
rhodamine 110 concentrations adsorbed on the surface of 105 ± 7 nm gold nanoparticles at a
concentration of 1.6 × 109 nanoparticles/mL. The experimental data are compared with the best
fits from the modified Langmuir model (dotted red lines)………………………………………………..61
Figure 5.4. Fluorescence spectra of 1.0 μM (a) malachite green, (b) brilliant green, (c) methyl
green, and (d) rhodamine 110 at different added core-shell-shell concentrations. The spectra are
normalized to the fluorescence intensity of the dyes……………………………………………………...64
Figure 5.5. Difference spectra obtained from subtracting core-shell-shell and dye molecule
extinction spectra alone in water from the spectra measured from mixtures of both at
corresponding concentrations for (a) malachite green, (b) brilliant green, (c) methyl green,
and (d) rhodamine 110…………………………………………………………………………………….64
Figure 5.6. (a) Transient absorption spectra of 105 ± 7 nm colloidal gold−silver−gold
core−shell−shell nanoparticles at different time delays using 400 nm pump pulse excitation
wavelength. (b) Transient absorption time profiles of these nanoparticles measured
at 480 and 550 nm. (c) Decay spectra obtained using a sum of exponential fits for the
time-dependent transient absorption spectra of the core-shell-shell nanoparticles.
(d) Residual signals from the transient absorption time profiles measured at 550 nm after
subtracting the biexponential best fits, showing the phonon oscillations…………………………………66
Figure 5.7. Transient absorption spectra of 8 μM brilliant green (a) in water and (b) adsorbed
on the surface of 106 ± 7 nm colloidal core-shell-shell nanoparticles at a concentration
of 1.6 × 109 nanoparticles/mL at different time delays using 400 nm pump pulse excitation
wavelength. Transient absorption time profiles of brilliant green (c) in water and (d) adsorbed
on the surface of core-shell-shell nanoparticles measured at 480 and 580 nm. Decay spectra
obtained using a sum of exponential fits for the time-dependent transient absorption spectra
of brilliant green (e) in water and (f) adsorbed on the surface of core-shell-shell nanoparticles…………67
Figure 5.8. Transient absorption spectra of 7 μM rhodamine 110 (a) in water and (b) adsorbed
on the surface of 105 ± 7 nm colloidal core-shell-shell nanoparticles at a concentration of 1.6 × 109
nanoparticles/mL at different time delays using 400 nm pump pulse excitation wavelength.
(c) Transient absorption time profiles of rhodamine 110 (red dots) in water and (green dots)
adsorbed on the surface of core-shell-shell nanoparticles measured at 500 nm…………………………..69

ix

Figure 5.9. (a) Transient absorption spectra of 8 μM brilliant green adsorbed on the surface of
105 ± 7 nm colloidal core-shell-shell nanoparticles at a concentration of 1.6 × 109
nanoparticles/mL at different time delays using 470 nm pump pulse excitation wavelength.
(b) Transient absorption time profiles of brilliant green adsorbed on the surface of
core-shell-shell nanoparticles measured at 470 and 510 nm. (c) Decay spectra obtained
using a sum of exponential fits for the time-dependent transient absorption spectra of brilliant
green adsorbed on the surface of core-shell-shell nanoparticles…………………………………………..70
Figure 6.1. Transmission electron microscopy images of (a) 1:1, (b) 1:2, (c) 1:3 TiO 2-Au
nanocomposites and (d) precursor TiO2 nanoparticles. (e) Extinction spectra of colloidal TiO2
nanoparticles (black) and TiO2-Au nanocomposites with 1:1 (red), 1:2 (blue), and 1:3 (green)
[TiO2]:[Au] ratios, respectively…………………………………………………………………………...78
Figure 6.2. Transient absorption spectra of colloidal TiO 2-Au nanocomposites at different time
delays using 400 nm excitation pulses with (a) 1:1, (b) 1:2, and (c) 1:3 [TiO 2]:[Au] ratios,
respectively………………………………………………………………………………………………..79
Figure 6.3. Transient absorption time profiles of colloidal TiO 2-Au nanocomposites at 480 nm
and 550 nm with (a) 1:1, (b) 1:2, and (c) 1:3 [TiO 2]:[Au] ratios, respectively……………………………80
Figure 6.4. Decay spectra obtained using a sum of exponential fits for global analysis of the
transient absorption results from (a) 1:1, (b) 1:2, and (c) 1:3 [TiO 2]:[Au] nanocomposites,
respectively………………………………………………………………………………………………..83
Figure 6.5. Residual signals from the transient absorption time profiles measured at 550 nm after
subtracting the biexponential best fits, showing the phonon oscillations for the different TiO2-Au
nanocomposites samples with (a) 1:1, (b) 1:2, and (c) 1:3 [TiO 2]:[Au] ratios, respectively, along
with the corresponding fits………………………………………………………………………………...85
Figure 7.1. Crystal structure of [Ru(bipy)3][BETI]2 GUMBOS obtained from X-ray crystallography…..94
Figure 7.2. (a) Transient absorption spectra of 0.4 mM aqueous Ru(bipy)3Cl2 at different times
delays using 400 nm excitation with an energy of 10 μJ/pulse. (b) Time profiles of the transient
absorption spectra of 0.4 mM aqueous Ru(bipy)3Cl2 at 450 nm using different pump pulse energies.
The spectra are normalized for clarity. (c) Representative decay spectra obtained using a sum of
exponential fits of time-dependent transient absorption spectra of aqueous ruthenium bipyridine
at pump pulse energy of 32 μJ…………………………………………………………………………....96
Figure 7.3. Shift in the baseline of the transient absorption spectra as a function of delay times
for 23 ± 5 nm, 56 ± 13 nm, and 97 ± 19 nm [Ru(bipy)3][BETI]2 nanoGUMBOS using 400 nm
pump pulse energy of 10 μJ……………………………………………………………………………....97
Figure 7.4. Transient absorption spectra of (a) 23 ± 5 nm, (b) 56 ± 13 nm, and (c) 97 ± 19 nm
[Ru(bipy)3][BETI]2 nanoGUMBOS at different pump-probe time delays using a 400 nm pump
pulse energy of 10 μJ and after correcting for the baseline shift……………………………………...….98

x

Figure 7.5. Time profiles of transient absorption spectra of (a) 23 ± 5 nm, (b) 56 ± 13 nm,
and (c) 97 ± 19 nm [Ru(bipy)3][BETI]2 nanoGUMBOS. The time-dependent signals are
integrated over 420 nm (red line), 430 nm (blue line), and 445 nm (green line). The time
profiles are normalized and offset for clarity……………………………………………………………..99
Figure 7.6. Decay spectra obtained using a sum of exponential fits of time-dependent transient
absorption spectra of (a) 23 ± 5 nm, (b) 56 ± 13 nm, and (c) 97 ± 19 [Ru(bipy) 3][BETI]2
nanoGUMBOS…………………………………………………………………………………………...100
Figure 8.1. (a) Transient absorption spectra of 20 μM TCPP molecular dye in water at different
time delays using 400 nm excitation. (b) Time-profiles of the transient absorption spectra of
aqueous TCPP molecular dye. The time-dependent signals are measured at 422 nm and 430 nm……...113
Figure 8.2. (a) Transient absorption spectra of colloidal [TCPP][P66614]2 nanoGUMBOS at
different time delays using 400 nm excitation. (b) Time-profiles of the transient absorption
spectra of colloidal [TCPP][P66614]2 nanoGUMBOS. The time-dependent signals are measured
at 423 nm and 460 nm. (c) Decay spectra obtained using a sum of exponential fits of
time-dependent transient absorption spectra of colloidal [TCPP][P66614]2 nanoGUMBOS…………...114
Figure 8.3. (a) Transient absorption spectra of 20 μL aqueous Zn-TCPP molecular dye at different
time delay using 400 nm excitation. (b) Time-profiles of the transient absorption spectra of
aqueous Zn-TCPP molecular dye. The time-dependent signals are measured at 428 nm and
450 nm. (c) Decay spectra obtained using a sum of exponential fits of time-dependent transient
absorption spectra of aqueous Zn-TCPP molecular dye. (d) Time-profiles of Zn-TCPP molecular
dye at short time delays…………………………………………………………………………………..116
Figure 8.4. (a) Transient absorption spectra of colloidal [Zn-TCPP][P66614]2 nanoGUMBOS
at different time delays using 400 nm excitation. (b) Time-profiles of the transient absorption
spectra of colloidal [Zn-TCPP][P66614]2 nanoGUMBOS. The time-dependent signals are
measured at 428 nm and 450 nm. (c) Decay spectra obtained using a sum of exponential
fits of time-dependent transient absorption spectra of colloidal [Zn-TCPP][P66614]2
nanoGUMBOS…………………………………………………………………………………………...117
Figure 9.1 TEM images of [BG][BETI] nanoGUMBOS with an average diameter of 29 ± 6 nm………...124
Figure 9.2 (a) Extinction spectra of (red line) 10 μM brilliant green dye and (black line) 10 μM
[BG][BETI] nanoGUMBOS in water. (b) Fluorescence spectra of (red line) 10 μM brilliant green
dye and (black line) 10 μM [BG][BETI] nanoGUMBOS in water after 420 nm excitation…………….124
Figure 9.3. (a) Representative transient absorption spectra of 10 μM brilliant green dye in water at
different time delays using 400 nm excitation. (b) Representative time-profiles of brilliant green dye
measured at 480 and 580 nm. (c) Decay spectra obtained from the global analysis of the transient
absorption time-profiles of brilliant green dye…………………………………………………………..125

xi

Figure 9.4. (a) Representative transient absorption spectra of 10 μM [BG][BETI] nanoGUMBOS
in water at different time delays using 400 nm excitation. (b) Representative time-profiles of
[BG][BETI] nanoGUMBOS in water measured at 540 and 650 nm. (c) Decay spectra obtained
from the global analysis of the transient absorption time-profiles of [BG][BETI] nanoGUMBOS……..126
Figure 9.5. SHG spectra of (red line) 10 μM brilliant green dye in water, (blue line) 10 μM 29 nm
[BG][BETI] nanoGUMBOS in water, and (green line) 10 μM 35 nm gold nanospehres in water……...128
Figure 10.1 Extinction spectrum of carbazole-BETI nanoGUMBOS in water………………………….131
Figure 10.2. Transient absorption spectra of 50 μM aqueous carbazole-BETI nanoGUMBOS
at different time delays (a) in the near UV region, and (b) in the visible region. (c) Time profiles
of the transient absorption spectra of the nanoGUMBOS at 320 nm (green line), 470 nm (red line),
and 580 nm (blue line). (d) Decay spectra obtained by fitting the transient absorption data to sums
of exponentials…………………………………………………………………………………………...132
Figure 10.3. Transient absorption spectra of 50 μL aqueous carbazole-BETI nanoGUMBOS at two
different wavelength ranges: (a) 370 nm – 390 nm and (b) 540 nm – 580 nm. The spectra show negative
peaks attributed to optical gain leading to stimulated emission at (a) 380 nm, (b) 566 and 556 nm. (c)
Time profiles of the different stimulated emission bands. The experimental data are fit with an
exponential function to obtain the lifetimes of the optical gain………………………………………….133

xii

LIST OF SCHEMES
Scheme 4.1. The three steps involved in the synthesis of colloidal gold-silver-gold core-shell-shell
nanoparticles………………………………………………………………………………………………39

xiii

LIST OF ABBREVIATIONS
Abbreviation

Name

SERS

surface-enhanced Raman scattering

SHG

second harmonic generation

SFG

sum frequency generation

TiO2

titanium dioxide

MSA

mercaptosuccinic acid

UV

ultraviolet

NIR

near-infrared

TEM

transmission electron microscopy

HRTEM

high-resolution transmission electron microscopy

CCD

charge-coupled device

MG

malachite green

BG

brilliant green

MetG

methyl green

SAXS

small-angle X-ray scattering

DLS

dynamic light scattering

AgNO3

silver nitrate

NaOH

sodium hydroxide

Ti

titanium

SAED

small-angle electron diffraction

cs

core-shell

css

core-shell-shell

xiv

CTAB

cetyltrimethylammonium bromide

EDS

energy dispersive X-ray spectroscopy

ICP-OES

inductively coupled plasma optical emission
spectroscopy

OPA

optical parametric amplifier

NaCl

sodium chloride

Rhd 110

rhodamine 110

CO

carbon monoxide

CO2

carbon dioxide

TTIP

titanium
(IV)
(Ti[OCH(CH3)2]4)

HAuCl4

gold chloride

NaBH4

sodium borohydride

Au

gold

DSSCs

dye-sensitized solar cells

Ru(bipy)3Cl2

Tris(bipyridine)ruthenium(II) chloride

BETI

bis(pentafluoroethylsulfonyl)imide

GUMBOS

group of uniform materials based on organic salts

IMET

intermolecular energy transfer

Ru(bipy)3Cl2.6H2O

tris
(2,2’-bipyridyl)dichlororuthenium
hexahydrate

Li

lithium

MLCT

metal to ligand charge transfer

MC

metal centered

TCPP

meso-tetra(4-carboxyphenyl)porphyrin

xv

tetraisopropoxide

(II)

Zn

zinc

[P66614][Cl]

trihexyl(tetradecyl)phosphonium chloride

xvi

ABSTRACT
In the first part of this dissertation, the adsorption isotherms, resonance coupling, and fluorescence
of molecular dyes on the surface of plasmonic nanoparticles are investigates. SHG is also used to investigate
the growth of a silver shell on the surface of gold nanoparticles in real time. Additionally, gold-silver-gold
core-shell-shell nanoparticles possess extinction peak wavelengths that can be controlled over the visible
and near-infrared regions and enhanced photothermal effect. Transient absorption measurements determine
that the phonon-phonon scattering lifetime is considerably faster in the core-shell-shell nanoparticles than
in the gold nanospheres and gold nanorods, which contributes to the higher photothermal efficiencies.
Transient absorption is also used to investigate the ultrafast excited-state relaxation dynamics of the
different dyes adsorbed on the core-shell-shell surface and the size-dependent dynamics o interfacial charge
transfer between the gold nanoclusters and the TiO2 bandgap in TiO2-Au nanocomposites.
In the second part of this dissertation, the ultrafast spectroscopy of size-selected
([Ru(bipy)3][BETI]2) nanoGUMBPS are reported. The nanoGUMBOS show spectral shifts and sizedependent relaxation dynamics. Long-lived acoustic phonon oscillations with size-dependent frequencies
are also observed, where the phonon frequency increases as the nanoparticle size increases, suggesting a
very low coupling between electronic and phonon degrees of freedom and a strong hydrophobic interaction
with the aqueous solvent. Furthermore, Transient absorption measurements of porphyrin-based
nanoGUMBOS reveal that efficient electron transfer and energy transfer is observed between the porphyrin
groups leading to shorter excited-state lifetimes. Additionally, the excited-state dynamics of brilliant green
– BETI and carbazole – BETI nanoGUMBOS are investigated using pump-probe transient absorption.
Brilliant green – BETI nanoGUMBOS exhibit enhanced NIR fluorescence compared to the parent dye in
water. The overall excited-state dynamics of brilliant green molecular dye in water are longer than those in
the colloidal nanoGUMBOS. The torsional degrees of freedom of the phenyl ring in brilliant green are
hindered in the nanoGUMBOS. Additionally, the SHG signal of [BG][BETI] nanoGUMBOS is remarkably
enhanced due to the increase of the second order susceptibility tensor 𝜒 (2) of the nanoGUMBOS. Transient

xvii

absorption measurement of carbazole – BETI nanoGUMBOS reveal the presence of optical gain and
stimulated emission during the excited-state relaxation dynamics.

xviii

CHAPTER 1 – INTRODUCTION

1.1 Surface Enhanced Plasmon Resonance
Gold nanoparticles are of great interest for potential applications in molecular sensing, catalysis,
and biologically relevant technologies due to their chemical, electronic, and optical properties.1−9 The
localized surface plasmon resonances from coherent oscillations of the free electrons 10−12 depend on the
gold nanoparticle size, shape, and surrounding medium and can lead to significant optical field
enhancements for processes such as surface-enhanced Raman scattering (SERS)13,14 and surface-enhanced
fluorescence.15,16 Nonlinear optical signals such as second harmonic generation (SHG) and sum frequency
generation (SFG) are also significantly enhanced due to the nanoparticle plasmon resonance.17−24 Figure
1.1 shows a schematic representation of the oscillation of the surface plasmon electrons under incident
electromagnetic radiation.
More information on the excited-state dynamics of plasmonic nanoparticles is essential for the
development and optimization of emerging technological applications. The excited-state relaxation
dynamics of gold nanoparticles can be characterized by different spectral regions that correspond to
different relaxation processes.24-27 A higher-energy, excited-state absorption spectral region near 480 nm
is attributed to the interband excitation of electrons from the gold d band to the sp band above the Fermi
level, with excited-state dynamics specified by the electronic interband transition lifetime. A lowerenergy depletion spectrum near 550 nm corresponds to the plasmon resonance region with relaxation
dynamics described by electron-phonon and phonon-phonon scattering lifetimes. At even lower spectral
energies, excited-state absorption centered near 600 nm is attributed to nonequilibrium “hot” electron
distributions, with lifetimes that are also governed by the plasmon dynamics. 28 In general, the excitedstate dynamics from the interband transition and electron-phonon scattering are independent of the size
and shape of the gold nanoparticles for sizes ranging from approximately 2 nm to 60 nm.
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Figure 1.1. Illustration of the electrons oscillations at the surface plasmon resonance.
1.2 Optical Coherence
Coherence provide a wave with the ability to produce interference effects such as interference of
light, to the motion of atoms. Understanding coherence and more specifically optical coherence is
essential for the study of time-resolved ultrafast processes. The interference between two waves can be
constructive or destructive depending on the phase difference between them. Coherence can be viewed as
spatial and temporal correlations between the waves involved. 29 The average correlation function of
temporal coherence (Ω), such as intensity, at times t and t’ is given by
〈Ω(𝑡)Ω(𝑡′)〉 ~ exp (−

𝑡
)
𝜏𝑐

(1.1)

where 𝜏𝑐 is the coherence time. On the other hand, the coherence length of a light wave is expressed as
the distance traveled in time 𝜏𝑐 at the speed of light 𝑐.29
𝑙𝑐 = 𝑐𝜏𝑐

(1.2)

The uncertainty of coherent light pulses arising from the Fourier analysis is given by
Δ𝜆
( 2 ) 𝑙𝑐 ~ 1
𝜆

(1.3)

Considering a laser interacting with a simple two-level molecule, a coherent combination of
ground (s-like) and excited (p-like) wave functions can be created.29, 30 The laser-induced coherent state
can become incoherent due to interactions of the optically excited atoms or molecules among themselves
or the surroundings, which cause the temporal randomization of phase coherence known as dephasing. In
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a semi-classical treatment, the superposition of the ground state 𝜓𝑎 (𝑟) and the excited state 𝜓𝑏 (𝑟) due to
a laser field E can be considered as a simple wave propagating in the direction 𝑧 given by
1
𝐸(𝑧, 𝑡) = 𝜀 cos(𝜔𝑡 − 𝑘𝑧) = 𝜀[exp(𝑖[𝜔𝑡 − 𝑘𝑧]) + exp(−𝑖[𝜔𝑡 − 𝑘𝑧])]
2

(1.4)

where 𝜀 is the amplitude and 𝜔 is the frequency of the radiation. The wave function of the molecule
excited by laser pulses is given by
𝜓(𝑟, 𝑡) = 𝑎(𝑡) exp(−𝑖𝜔𝑎 𝑡) 𝜓𝑎 (𝑟) + 𝑏(𝑡) exp(−𝑖𝜔𝑏 𝑡) 𝜓𝑏 (𝑟)

(1.5)

The time-dependent molecular polarization is given by
𝑃𝑚 (𝑡) = ⟨𝜓(𝑟, 𝑡)|𝜇̂ |𝜓(𝑟, 𝑡)⟩
= 𝑎𝑏 ∗ 𝜇𝑏𝑎 exp(−𝑖[𝜔𝑎 − 𝜔𝑏 ]𝑡) + 𝑎∗ 𝑏𝜇𝑎𝑏 exp(−𝑖[𝜔𝑏 − 𝜔𝑎 ]𝑡)

(1.6)

where 𝜇̂ is the dipole-moment operator and 𝜇𝑎𝑏 and 𝜇𝑏𝑎 are the transition moment matrix elements. By
assuming 𝜇𝑎𝑏 = 𝜇𝑏𝑎 = 𝜇 and 𝜔𝑏 = 𝜔𝑎 = 𝜔0 , equation 6 becomes
𝑃𝑚 (𝑡) = 𝜇[𝑎𝑏 ∗ exp(𝑖𝜔0 𝑡) + 𝑎∗ 𝑏 exp(𝑖𝜔0 𝑡)

(1.7)

where 𝜔0 is the transition frequency. Thus, the time-dependent laser-induced polarization 𝑃(𝑡) is zero if
there is no coherent superposition of the ground state and the excited state. Ultrafast and nonlinear
spectroscopy uses laser pulses to induce coherent processes in non-coherent systems such as molecules
and colloidal suspensions.
1.3 Nonlinear Spectroscopy
1.3.1 Overview of Nonlinear Spectroscopy
Light-matter interactions can be described by linear and nonlinear optical processes. Nonlinear
optical processes can be described by the nonlinear contribution to the polarization intensity caused by an
intense incident laser beam. When light interacts with a sample, such as molecules or materials, the
̃(t) causes a polarization of the sample P
̃(t) given by a generalized equation,31
electric field of the light E
̃(t) = χ(1) E
̃(t) + χ(2) E
̃ 2 (t) + χ(3) E
̃ 3 (t) + …
P
=̃
P (1) (t) + ̃
P (2) (t) + ̃
P (3) (t) + …

3

(1.8)

where, χ(1) is the linear or first-order susceptibility, and χ(2) and χ(3) are the second-order and third-order
̃ (1) (t), P
̃ (2) (t), and P
̃ (3) (t) are the first-order, second-order, and
susceptibilities, respectively. The terms P
third-order polarizations, respectively. In principle, this power series continues to additional higher-order
terms that are usually negligibly small. Under low light intensities, this process is normally completely
dominated by the first-order or linear spectroscopic interaction so that the polarization of the sample is
linearly proportional to the incident optical electric field and the overall number of photons absorbed or
scattered is linearly proportional to the incent optical intensity, where the intensity is proportional to the
optical electric field squared. A first-order polarization of the sample can either scatter at the incident
optical frequency, or absorb a single photon energy, leading to an excited state of the sample that relaxes
back to the ground state by either radiative or nonradiative processes. However, under higher intensity
light, or in samples with larger higher-order susceptibilities, the second-, third-, or higher-order optical
interactions are not negligible and may even provide a substantial optical signal. Hence, a second-order
polarization of the sample can either scatter at twice the incident optical frequency, in a process known as
second harmonic generation, 32, 33 or the sample can absorb the energy corresponding to two incident
photons, leading to a higher excited state of the sample, that will relax back to the ground state, through
different radiative and nonradiative processes. Second-order and higher-order optical processes are
nonlinear processes and comprise the field of nonlinear spectroscopy. Sum frequency generation is
second order nonlinear technique where two incident photons of frequency ω1 and ω2 add coherently to
scatter a photon of frequency ω1 + ω2 . If both incident photons have a frequency of ω, the scattered
photon is at a frequency of 2ω, giving rise to second harmonic generation. A scheme of the sumfrequency generation is shown in Figure 1.2.
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Figure 1.2. (a) Scheme of sum-frequency generation at a crystalline surface. (b) Energy-level description
of sum frequency-generation.
1.3.2 Second Harmonic Generation
Second harmonic generation is a nonlinear optical process in which two photons at the same
frequency 𝜔 add coherently to generate a third photon at double the frequency 2𝜔. The nonlinear
polarization created due to the electric field of an intense laser beam is given by 31
𝑃̃(2) (𝑡) = 2𝜖0 𝐸𝐸 ∗ + (𝜖0 𝜒 (2) 𝐸2 𝑒 −𝑖2𝜔𝑡 + 𝑐. 𝑐. )

(1.9)

where 𝜖0 is the permittivity of free space. The first term of the equation consists of a frequency
contribution at 2𝜔, which leads to the generation of radiation at the second-harmonic frequency. Second
harmonic generation is typically forbidden in bulk media with a center of inversion, which makes it a
surface-specific technique ideal for the study of colloidal nanoparticle surfaces. 34 Hence, SHG can be
used to study the adsorption of various molecules and chemical reactions at the surface of
centrosymmetric nanoparticles.
Recent SHG research has studied TiO2 microparticles,35 liposomes,36 carbon black,37 and noble
metal nanoparticles of gold, silver, and gold−silver alloys. 38,39,40,41 By measuring the SHG signal from a
colloidal nanoparticle sample as a function of a bulk molecular adsorbate and by fitting the results to a
modified Langmuir isotherm model, the free energy of adsorption and the adsorbate site density can be
determined.42
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1.4 Ultrafast Spectroscopy
Spectroscopy is the study of the interaction between light and matter, which provides valuable
information on the quantum energy levels of the sample. However, in ultrafast spectroscopy, temporally
short laser pulses are used to directly probe the dynamics of a system directly as a function of time.
Femtosecond laser pulses are usually used for this purpose because the duration of the laser pulses must
be shorter than the time scale of the dynamics of interest.43 Ultrafast spectroscopy probes the dynamics of
a sample using a probe pulse following an excitation of the sample using a pump pulse that is resonant
with the transition as a function of the pump-probe time delay. The wave function of the system
transitioning from an initial state 𝜒0 to resonant excited states is given by
𝜓 = ∑ 𝑎𝑛 𝜑𝑛

(1.11)

𝑛=0

where 𝑎𝑛 are the amplitudes of the eigenstates of the system 𝜑𝑛 . In the limit of ultrashort pulses (𝜏 → 0),
𝑎𝑛 can be expressed as
𝑎𝑛 = 𝐶 ⟨𝜑𝑛 |𝜒0 ⟩

(1.12)

where 𝐶 is a constant that dependent on various factors such as field amplitude of the pulse and the
electronic transition dipole moment. ⟨𝜑𝑛 |𝜒0 ⟩ is the overlap integral between the initial and final states
known as the Franck-Condon factor. The time-dependent wave function is given by
𝜓(𝑡) = ∑ 𝑎𝑛 exp(−

𝑖𝐸𝑛 𝑡⁄
ℏ)𝜑𝑛

(1.13)

𝑛=0

where 𝐸𝑛 are the excited-state energies. The short excitation pulses create a wave packet, which is a
coherent superposition of excited states that diphase over time with respect to one another.
1.5 Plasmon-Exciton Resonance Coupling
The resonant coupling of plasmonic nanoparticles with organic adsorbates can give rise to strong
coupling that can be measured by extinction spectroscopy. 44, 45 New exciton-plasmon polariton peaks and
Fano-type profiles can be observed due to the resonant coupling of molecules to the plasmon band. These
quantum mechanical states described by a coupled-oscillator Hamiltonian are separated by a Rabi
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splitting energy ℎ𝜔𝑐 .46 The higher and lower energies produced can be calculated according to the
coupled-oscillator model and are given by47
𝐸± =

1
𝐸𝑝 + 𝐸𝑒𝑥
ℏΩ𝑅 2 1
± [(
) + (𝐸𝑝 − 𝐸𝑒𝑥 )2 ]2
2
2
4

(1.10)

where 𝐸𝑝 and 𝐸𝑒𝑥 are the energies of the plasmon and the exciton modes, respectively. ℏΩ𝑅 is known as
Rabbi splitting. Resonance coupling has been observed between organic dye molecules and various
plasmonic nanomaterials such as silver nanoparticles on a substrate, 48 noble metal nanovoids,49 gold
nanorods in colloidal suspension, 45 and colloidal gold nanoparticles.44
1.6 Scope of the Dissertation
This dissertation describes the use of ultrafast and nonlinear spectroscopy to investigate the
interaction of light with two different types of nanomaterials: plasmonics and nanoGUMBOS. SHG is
used to study the adsorption properties of dye molecules on the surface of colloidal plasmonic
nanoparticles. It is also used to monitor the growth of nanoshells in real-time. Additionally, the nonlinear
optical enhancement of gold-silver core-shell nanoparticles and brilliant green-based nanoGUMBOS are
reported. Resonanace coupling between dye molecules and plasmonic nanoparticles is studied in colloidal
suspensions. Furthermore, the synthesis and photothermal effect of novel plasmonic gold-silver-gold
core-shell-shell nanoparticles are investigated. Transient absorption is used to study processes such as
energy transfer, lattice vibrations, heat transport, optical gain, and stimulated emission in various colloidal
plasmonics and nanoGUMBOS samples. These nonlinear and ultrafast spectroscopic techniques are
demonstrated to provide a great wealth of information on the colloidal nanoparticles and nanomaterials
that are studied, including the surface chemistry, molecular adsorption, optical and plasmonic
interactions, and excited-state relaxation dynamics.
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CHAPTER 2 – MOLECULAR ADSORPTION AND RESONANACE COUPLING AT THE
GOLD NANOPARTICLE INTERFACE*

2.1 Introduction
The interest in gold nanoparticles1−9 arises from the localized surface plasmon resonances10-12,
which makes them advantageous for potential applications in molecular sensing, catalysis, and
biologically relevant technologies due to their chemical, electronic, and optical properties. In particular,
significant optical field enhancement is observed at the surface of plasmonic nanoparticles. 13-24 However,
more information on the surface properties of colloidal metal nanoparticles and their interactions with
different molecules is essential for the development and optimization of these emerging technological
applications.1−5
Second harmonic generation spectroscopy can be used for the investigation of the surface
properties and interfacial chemistry of colloidal gold nanoparticles. 25,26 SHG is a powerful technique for
the study of various colloidal samples such as TiO2 microparticles,27 liposomes,28 carbon black,29 and
noble metal nanoparticles of gold, silver, gold−silver alloys.19,21,30,31, and organic molecules adsorbed on
the surface of plasmonic nanoparticles.32 Related SHG characterizations of colloidal nanoparticles using
𝜒 (3) measurements can be used to obtain the surface charge densities33 and acid−base equilibrium
constants34 at the nanoparticle surface. Additionaly, strong between plasmonic nanoparticles and organic
adsorbates can give rise to molecular and plasmonic resonance coupling, which can be measured by
extinction spectroscopy.35-38 Fano-type resonances have also been observed in plasmonic nanostructures
and metamaterials39−41 and have been investigated computationally42,43 from the interference of localized
molecular excited states with a plasmonic continuum leading to the characteristic asymmetric line
shape.44 In general, more work is needed to correlate molecular and plasmonic resonance coupling with

“Reprinted with permission from [Karam, T. E.; Haber, L. H. J. Phys. Chem. C 2014, 118, 642−649].
Copyright [2013] American Chemical Society.”
*
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precise, surface-specific adsorption measurements that accurately account for the adsorption properties
ofdifferent molecular dyes to a plasmonic nanoparticle sample.
In this chapter, SHG is used to monitor the adsorption isotherms of malachite green, brilliant
green, and methyl green to the surface of 80 nm colloidal gold nanoparticles capped with
mercaptosuccinic acid (MSA) in aqueous suspension. The free energies of adsorption and the number of
adsorbate sites per nanoparticle are determined for each molecule by fitting the experimental results to the
modified Langmuir model. The molecular adsorption properties are shown to be highly dependent on the
adsorbate molecular structure as well as the environment of the nanoparticle surface. In addition,
complementary measurements from visible extinction spectroscopy show the formation of new
exciton−plasmon polariton peaks and Fano-type profiles from resonance coupling which overlap with
plasmon and molecular spectral depletions and are highly sensitive to the molecular interactions with the
plasmonic gold nanoparticles.
2.2. Experimental Section
2.2.1. Nanoparticle Synthesis and Characterization
The colloidal gold nanoparticle sample is prepared by seeded growth using hydroquinone
reduction, followed by thiolation and dialysis. 45−47 All chemicals are purchased from Sigma-Aldrich and
used without further purification in ultrapure water. For the synthesis of gold nanoparticle seeds, 900 μL
of 34 mM sodium citrate is added to 30 mL of 290 μM gold chloride in water under boiling and vigorous
stirring conditions. The colloidal solution undergoes a color change from pale yellow to bright red after
10 min and is removed from heat and cooled to room temperature. For the seeded growth of the 80 nm
gold nanoparticles, 100 μL of 29 mM gold chloride and 50 μL of the prepared gold colloidal seeds are
added to 9.7 mL of water, followed by the addition of 25 μL of 34 mM sodium citrate and 100 μL of 0.03
M hydroquinone under vigorous stirring at room temperature. The solution is left stirring at room
temperature for 60 min. The synthesis is repeated until a total of 150 mL of the 80 nm colloidal gold
nanoparticle solution is produced. The nanoparticle solution is dialyzed against a solution of 22 mM
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mercaptosuccinic acid in water for 3 days and then against nanopure pure water for an additional 3 days
in order to first attach the MSA capping agent and then to remove excess salts and reactants.
Transmission electron microscopy (TEM), extinction spectroscopy, and dynamic light scattering
are used to characterize the gold nanoparticle sample. Figure 2.1 shows a representative TEM image of
the gold nanoparticle sample. After surveying over 500 particles, the nanoparticles diameter is determined
to be 80 ± 6 nm. Figure 2.2 shows the extinction spectrum of the nanoparticle solution. The 80 nm gold
nanoparticles have significant scattering and absorption contributions to the overall extinction spectra.
The localized surface plasmon resonance peak is observed at a center wavelength of 550 nm.

Figure 2.1. Transmission electron microscopy image of gold nanoparticles on a carbon-coated copper
grid. After analysis of 500 particles, the nanoparticle diameter is determined to be 80.0 ± 6.1 nm.

Figure 2.2. Extinction spectrum of 80 nm colloidal gold nanoparticles diluted in water (red line)
overlapped with the best fit using Mie Theory (dotted black line) at a concentration of 6.8 × 10 8
nanoparticles/mL.
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2.2.2 Second Harmonic Generation
The second harmonic generation setup is composed of an ultrafast laser system, an optical setup,
and a high-sensitivity CCD spectroscopy detector, similar to previously reported experimental setups. 48,49
A titanium:sapphire oscillator laser produces 75 fs pulses centered at 800 nm with a repetition rate of 80
MHz and an average power of 2.7 W. The laser beam is focused to a 1 cm quartz cuvette containing the
colloidal sample at a diluted concentration of 3.7 × 108 nanoparticles/mL in water using a 20 mm focal
length lens. An optical filter is placed in front of the cuvette to remove any residual SHG light prior to the
sample. Another filter is placed after the sample to remove the fundamental light while transmitting the
SHG signal, which is collected in the forward direction and refocused to a monochromator connected to a
high-sensitivity spectroscopy charge coupled device detector. The different dye solutions are added using
a computer-controlled burette during automated stirring. Several spectral scans are acquired for each
addition of the dye solution, and the isotherms are acquired several times for statistical analysis.
2.3 Results and Discussion
The spectra containing the SHG signals for each concentration of the added molecular dyes are
analyzed to obtain the corresponding adsorption isotherms. For example, Figure 2.3, a-c display
representative spectra obtained at different malachite green, brilliant green, and methyl green
concentrations, respectively. The lower wavelength peak is assigned to second harmonic generation while
the rise at higher wavelengths is attributed to two-photon fluorescence.50,51 The spectra are fit using
Gaussian functions plus second-order polynomials to represent the SHG and fluorescence signal,
respectively, in the measured wavelength range. The corresponding fits all accurately describe the
measured spectra, as shown in Figure 2.3 using solid gray lines, with SHG peaks centered at 400.5 ± 0.1
nm and full width at half-maxima of 2.5 ± 0.1 nm. The peak centers and widths stay constant to within
experimental uncertainty for all added dye concentrations. The spectra corresponding to the nanoparticle
solution in water without the addition of molecular dyes exhibit SHG signal due mostly to the colloidal
nanoparticles. The SHG intensities then increase as the added dye concentrations are increased, reaching
maxima as the adsorbates at the gold nanoparticle interface reach their saturation values.
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Figure 2.3. Spectra of gold nanoparticles solutions at various (a) malachite green, (b) brilliant green, and
(c) methyl green concentrations. The SHG peak is detected near 400 nm.
The adsorption isotherms obtained from the SHG results from additions of malachite green,
brilliant green, and methyl green to the colloidal gold nanoparticle sample are shown in Figure 2.4, a-c
respectively. The experimental data are corrected to account for the contribution from hyper-Rayleigh
scattering from the free dye molecules in solution. The hyper-Rayleigh scattering signal as a function of
concentration for the three dye solutions is shown in the Appendix 1. More details about this correction
method are provided in the Appendix 1. The corrected experimental data are then compared to the
modified Langmuir models,32,48 which includes the depletion of adsorbates from the bulk. The modified
Langmuir model is given by
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where 𝑁 is the adsorbate population on the nanoparticle surface, 𝑁𝑚𝑎𝑥 is the maximum number of
adsorbate sites on the nanoparticle surface multiplied by the concentration of nanoparticles in the
solution, 𝐶 is the adsorbate bulk concentration added, and 𝐾 is the adsorption equilibrium constant.32
Each adsorption isotherm is analyzed to find the best fit parameters for 𝐾 and 𝑁𝑚𝑎𝑥 . The free energy of
adsorption is obtained using the equation, 𝛥𝐺° = −𝑅𝑇 𝑙𝑛 𝐾. The maximum number of adsorbate sites on
each nanoparticle is determined from 𝑁𝑚𝑎𝑥 and the known nanoparticle concentration.
The best fits to the measured adsorption isotherms using the modified Langmuir model are shown
as red dashed lines in Figure 2.4. The free energies of adsorption obtained from the best fit parameters for
malachite green, brilliant green, and methyl green adsorbing to the colloidal gold nanoparticles are −12.5
± 0.1, −10.0 ± 0.3, and −11.1 ± 0.1 kcal/mol, respectively. Additionally, the corresponding number of
adsorption sites per particle for the three different molecules determined from the best fits are (9.18 ± 0.2)
× 103, (3.01 ± 0.2) × 104, and (1.78 ± 0.04) × 104 sites per particle, respectively. This corresponds to
adsorption site areas of 219 ± 11 A2 for malachite green, 67 ± 9 A2 for brilliant green, and 113 ± 5 A2 for
methyl green, respectively. These results can be understood based on several factors, including adsorbate
interactions with the nanoparticle surface as well as adsorbate−adsorbate repulsions. The positively
charged molecular dyes all have strong electrostatic attractions to the negatively charged surface.
However, the high surface densities of the adsorbates contribute to adsorbate−adsorbate repulsion, which
decreases the free energy of adsorption magnitude. Of the three molecules, malachite green has the largest
overall free energy of adsorption magnitude while also having the lowest adsorbate site density. Brilliant
green has the lowest free energy of adsorption magnitude while consequently having the highest
adsorbate site density. Methyl green is doubly charged, leading a stronger electrostatic attraction to the
surface as well as greater adsorbate−adsorbate repulsion, and these interactions are counterbalancing. The
different molecular structures, especially around the charged nitrogen centers, contribute to different
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electrostatic potentials at the resulting adsorption site, including the interactions between with the
negatively charged carboxylates as well as image-charge attractions with the metal surface.

Figure 2.4. Adsorption isotherm results (black dots) obtained from second harmonic generation
measurements as a function of (a) malachite green, (b) brilliant green, (c) and methyl green
concentrations. The experimental data are compared with the best fits from the modified Langmuir model
(dotted red lines).
The molecular adsorbate tilt angle with respect to the nanoparticle surface is expected to play a
key important role in these surface-specific interactions.52 The SHG signal has been shown previously to
depend on the geometrical orientation of the molecules on the nanoparticle surface. 53,54 Here, the signal
amplitude of the adsorption isotherm at the plateau will depend on the tilt angle of the molecular
adsorbate. From our measured SHG results, the best fits of the amplitudes from the adsorption isotherms
using the modified Langmuir model is 7.5 ± 0.1, 18.4 ± 0.4, and 23.1 ± 0.3 in directly comparable
arbitrary units for malachite green, methyl green, and brilliant green using the same nanoparticle sample
concentrations described above. These values follow the same trend as 𝑁𝑚𝑎𝑥 where malachite green has
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the smallest SHG amplitude and brilliant green has the largest SHG amplitude at the plateau. These SHG
signal amplitudes compare to an initial SHG amplitude of 39.8 ± 0.8 for the nanoparticles before adding
the dye molecules. The values of the SHG amplitudes and the 𝑁𝑚𝑎𝑥 values are closely related to the tilt
angle, since a smaller tilt angle allows more molecules to be closely packed on the nanoparticle surface.
Results for the SHG adsorption isotherms of malachite green, brilliant green, and methyl green to
colloidal polystyrene sulfate microparticles are also measured using this setup and are discussed in the
Appendix 1, showing excellent agreement with existing literature values. 32
Comparing these results to previous SHG adsorption isotherm measurements provides a more
complete assessment of molecular adsorption to different colloidal nanoparticle samples. The free
energies of adsorption of malachite green to 16 nm gold nanoparticles coated in citrate and 1.05 μm
polystyrene sulfate microparticles in water have been previously measured to be −15.4 ± 0.4 and −11.1 ±
0.1 kcal/mol, respectively, with corresponding adsorbate site areas of 71 ± 14 and 192 ± 24 A2 ,
respectively. Our results indicate that malachite green binds less strongly and with lower site densities to
80 nm gold nanoparticles capped in MSA than to 16 nm gold nanoparticles coated in citrate. It is
important to note that MSA forms a tightly bound layer due to the gold−sulfur bond while citrate is only
loosely bound to the gold surface. In the gold−citrate surface, malachite green may penetrate the citrate
layer and access the gold surface directly to experience a stronger image-charge attraction. For the
gold−MSA surface, the tightly bound MSA will increase the separation distance between the adsorbate
and the metal surface, leading to a shielding and weakening of the image-charge attraction.55 However,
malachite green has a slightly higher free energy of adsorption and a similar site density on the gold
nanoparticles capped in MSA compared with polystyrene sulfate microparticles. By changing the capping
agent, the adsorption of molecules to the surface of gold nanoparticles can be significantly altered. The
effect of the capping agent on the adsorption properties can be further investigated by performing the
same SHG study while changing the capping agent for gold nanoparticle samples of the same size. This
has important implications for molecular sensing applications where modifications in the chemical
environment of the metal nanoparticle surface can dramatically change the adsorption properties.
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In addition to the adsorption properties of molecules to the surface of gold nanoparticles, spectral
resonance coupling35 between the molecules and the plasmonic nanoparticles is observed. Figure 2.5
shows the extinction spectra of gold nanoparticles in water after the addition of different concentrations of
brilliant green and after subtracting the dye spectra at the corresponding concentrations. The
corresponding extinction spectra of the gold nanoparticles with malachite green and methyl green are
provided in the Appendix 1. A splitting of the plasmonic peak is seen near the molecular excited states.
The magnitudes of the newly formed peaks increase as the added dye concentrations are increased while
the plasmon spectra are depleted, accompanied by wavelength shifts. It is also important to note that the
characteristic long wavelength peaks from gold nanoparticle aggregation are not seen in any of these
spectra, confirming that gold nanoparticle aggregation is not occurring as the molecular dyes are added. 56
The molecule concentrations are chosen to span the relevant concentrations of the adsorption isotherms
determined from the SHG measurements above for each triphenylmethane dye.

Figure 2.5. Extinction spectra of gold nanoparticles capped with MSA in water at increasing brilliant
green concentrations after subtracting the spectra of the dye alone in water at the corresponding
concentrations. The 80 nm colloidal gold nanoparticles are initially diluted to 3.7 × 108
nanoparticles/mL in water.
From a more careful analysis, the various components of the resonance coupling are determined
from the gold nanoparticles interacting with malachite green, brilliant green, and methyl green. Figure
2.6, a−c are obtained after subtracting the extinction spectra of the gold nanoparticles and the dyes alone
in water from the ones generated from the mixtures of both at the corresponding concentrations. This
figure show the change in the extinction spectra as a result of the molecule−plasmon interactions,
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including the polariton and Fano-type spectra as well as the plasmon and molecule depletions. Each of
these difference spectra are first fit to depletion spectra of the plasmon and molecule to reveal additional
peaks that are not from either the plasmon or the molecule, where a positive intensity peak at longer
wavelengths and a negative intensity peak at shorter wavelengths are assigned as the |𝑃−⟩ and |𝑃+⟩
polaritons, respectively, overlapped with a Fano-type profile. Figure 2.7, a−c show these extra peaks
formed for the three dyes compared to the spectra generated from the best fits of the plasmon and
molecule depletions. Additional data are reported in the Appendix 1, including the fitting results for the
different spectral components. Interestingly, the center wavelengths and full width at half-maxima of the
polariton peaks stay relatively constant for each molecule as the concentrations are increased.

Figure 2.6. Difference spectra obtained from subtracting gold nanoparticle and dye molecule extinction
spectra alone in water from the spectra measured from mixtures of both at corresponding concentrations
for (a) malachite green, (b) brilliant green, and (c) methyl green.
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This indicates that the plasmon−molecule interaction is dominant compared to other possibilities
such as dye aggregation,57 although further experimental and theoretical investigations are needed for a
more careful understanding of this effect. The center wavelengths of the |𝑃+⟩ polaritons for malachite
green, brilliant green, and methyl green are 579 ± 0.4, 567 ± 0.2, and 575 ± 0.7 nm, respectively, while

Figure 2.7. Spectral analysis of representative difference spectra from the dye molecules (a) 362 nM
malachite green, (b) 3.50 μM brilliant green, and (c) 2.26 μM methyl green interacting with the colloidal
gold nanoparticles in water. The residuals show a combination of polariton peaks and Fano-type
resonances.
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the center wavelengths of the |P−⟩ polaritons are 655 ± 0.6, 664 ± 0.4, and 670 ± 1.5 nm, respectively.
The energy difference between the two polariton peaks is assigned to be the Rabi splitting energy,36 which
is determined to be 263, 320, and 306 meV for malachite green, brilliant green, and methyl green,
respectively. These Rabi splitting energies are a measurement of the spectral coupling strengths between
molecular excited states and the plasmon resonance and are expected to depend critically on the
adsorption tilt angle as well as the quantum mechanical overlaps.
The depletion and polariton intensities are shown in Figure 2.8 as a function of the dye
concentrations. The plasmon depletion intensities exhibit a similar trend for the three different dyes, with
increasing depletion as the molecular concentrations are increased. The molecular depletions have
different trends with increasing concentrations as part of this signal is due to the molecule being removed
from the solution upon adsorption, while another part of this signal is due to the possible plasmonic
optical-field enhancements after adsorption. The plasmon depletions, the molecular depletions, and the
polariton intensities of the different dye molecules have similar trends when compared to their adsorption
properties. Brilliant green has the largest 𝑁𝑚𝑎𝑥 value and the largest plasmon depletion. Malachite green
has the smallest 𝑁𝑚𝑎𝑥 value and the smallest plasmon depletion. However, malachite green has the
largest molecular depletion, indicating that it has the lowest level of plasmonic enhancement, possibly due
to a large adsorption tilt angle, with the adsorbate lying relatively flat on the surface. Brilliant green has
the lowest molecular depletion, the largest Rabi splitting, and the largest polariton intensities, indicating
that it has largest relative coupling strength with the plasmonic nanoparticle. Methyl green has
intermediate values of molecular depletion, Rabi splitting, and polariton intensities, and it also has an
intermediate 𝑁𝑚𝑎𝑥 value among the three dyes. In addition, the polariton intensities remain somewhat
constant as the concentrations are increased, which may occur due to quantum interferences as well as
plasmonic interactions with dyes in the bulk solution. Even though malachite green, brilliant green, and
methyl green have similar chemical structures and absorption spectra, they exhibit different adsorption
properties at the gold nanoparticle surface as well as different spectroscopic interactions from
plasmonic−molecular resonance coupling.
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Figure 2.8. Depletion intensities of the plasmon (solid red line) and the molecule (solid blue line) as well
as the polariton |P-⟩ (dashed green line) and |P+⟩ (dashed orange line) intensities at different (a) malachite
green, (b) brilliant green, and (c) methyl green concentrations.
2.4. Conclusion
Second harmonic generation is used to study the adsorption properties of three triphenylmethane
dyes to the surface of 80 nm gold nanoparticles capped in mercaptosuccinic acid in aqueous colloidal
suspension. The SHG results are analyzed using a modified Langmuir model to determine the free
energies of adsorption and the adsorbate site densities at the nanoparticle surface. Malachite green is
observed to bind more strongly to the surface of the gold nanoparticles than brilliant green and methyl
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green but has a lower adsorbate site density. These differences are discussed in terms of the image-charge
effect, adsorbate−adsorbate repulsion, and the adsorption tilt angle on the gold nanoparticle surface.
Additional comparisons with previous literature results show that malachite green binds less strongly to
gold nanoparticles capped with mercaptosuccinic acid than to gold nanoparticles coated with citrate,
confirming expectations of weakening image-charge effects due to a tightly bound layer that increases the
separation distance between the adsorbates and the metallic surface. Complementary results show
plasmonic and molecular resonance coupling as hybrid polaritons and Fano-type profiles are observed
using extinction spectroscopy at different molecular concentrations along the adsorption isotherm.
Analysis of the spectral changes displays interesting trends involving plasmon and molecular depletions
as well as Rabi splitting energies and polariton intensities that correlate with the SHG adsorption isotherm
measurements.
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CHAPTER 3 – REAL-TIME MONITORING OF THE GROWTH OF SILVER NANOSHELLS
WITH ENHANCED NONLINEAR OPTICAL RESPONSE

3.1 Introduction
Gold and silver nanoparticles have been widely investigated due to their remarkable localized
surface plasmon resonances arising from coherent oscillations of free electrons.1-10 The plasmon
resonance depends on the nanoparticle size, shape, composition and surrounding medium, which can be
advantageous for various processes such as surface-enhanced Raman scattering (SERS)11, 12 and surfaceenhanced fluorescence.13, 14 Additionally, plasmonic nanoparticles can lead to the enhancement of
nonlinear optical processes such second harmonic generation (SHG) and sum-frequency generation,15–22
which is very beneficial for applications in nonlinear nano-optics and sensing.23–25
Several synthetic strategies have been employed to design new plasmonic nanoparticles based on
a core-shell configuration for optimized optical properties. Various nanoparticle shapes have been
reported such as gold nanorods,26, 27 gold nanodumbbells,28 and dimers of gold and silver nanospheres.29–31
Recently, the synthesis and optical properties of plasmonic nanoparticles with a core-shell structure such
as gold-silica core-shell nanoparticles,32, 33 gold-silver core-shell nanoparticles,34, 35 and gold-silver-gold
core-shell-shell nanoparticles36 were reported.
SHG is a powerful spectroscopic technique for the study of nanoparticle surfaces in colloidal
suspension.37 SHG is a surface-specific nonlinear spectroscopic technique that is typically forbidden in
bulk media that possess a center of inversion, leading to a negligible second-order susceptibility 𝜒 (2)
values in these centrosymmetric bulk media. However, the symmetry is broken at interfaces such as
nanoparticle surfaces, resulting in nonzero second-order susceptibility 𝜒 (2) values, making SHG a
sensitive probe for surface studies.38 SHG can also be used for the characterization of colloidal
nanoparticles using the 𝜒 (3) technique to obtain the surface charge densities39, 40 and the acid-base
equilibrium constants.41 SHG has been used for the in-situ investigation of the growth of gold nanoshells
at the surface of SiO2 nanoparticles.42 For these in-situ studies, the time-dependent SHG signal provides
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valuable information on the surface morphology and optical properties of nanomaterial surfaces in real
time during the shell growth.
In this chapter, in-situ SHG is used to probe the real-time growth of silver nanoshells on the
surface of gold nanospheres in colloidal suspension. The SHG signal is observed to reach a plateau at
longer times, which is indicative of the formation of a stable, full silver shell. Small angle X-ray
scattering (SAXS), and high-resolution transmission electron microscopy are used to characterize the
gold-silver core-shell samples. Additionally, it is observed that the SHG signal of gold-silver core-shell
nanoparticles is enhanced by a factor of more than 20 and 60 times compared to gold and silver
nanoparticles of similar sizes and same concentrations, respectively.
3.2 Experimental Section
3.2.1 Nanoparticle Synthesis
The colloidal gold nanoparticles are prepared by a seeded growth method. 43–45 All chemicals are
purchased from Sigma Aldrich and used without further purification in ultrapure water. The gold seeds
are prepared by reducing 30 mL of 290 μM gold chloride in water by adding 900 μL of 34 mM sodium
citrate under boiling and vigorous stirring conditions. The colloidal solution undergoes color change from
pale yellow to bright red after 10 min, resulting in the formation of 12.5 ± 1.0 nm gold seeds. Larger
spherical gold nanoparticles are prepared by adding 100 μL of 29 mM gold chloride and 75 μL of the
prepared gold colloidal seeds to 9.7 mL of water, followed by the addition of 25 μL of 34 mM sodium
citrate and 100 μL of 0.03 M hydroquinone, with subsequent vigorous stirring at room temperature for 60
min.
Silver nanoparticles are prepared by adding AgNO3, sodium citrate, and potassium iodide to an
aqueous solution of ascorbic acid under boiling conditions. 46 Briefly, 100 µL of 100 mM ascorbic acid is
added to 47.5 ml of boiling water, followed by consecutive additions of 250 µL of 60 mM silver nitrate,
1.0 mL of 30 mM sodium citrate, and 30 µL of 100 μM potassium iodide, with continued boiling and
vigorous stirring for 60 min.
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Gold-silver core-shell nanoparticles are prepared by reducing AgNO 3 with a mild reducing agent
under basic conditions.34 Briefly, 0.5 mL of the prepared gold nanospheres are added to 1.0 mL of water,
followed by the addition of 3 μL of 100 mM of ascorbic acid, 1.5 μL of 100 mM of AgNO 3, and 4 μL of
100 mM NaOH under vigorous stirring at room temperature. Silver ions have a high affinity to the gold
nanoparticle surface, resulting in a full, uniform silver shell coverage to all colloidal gold nanoparticles.
3.2.2 Characterization
High-resolution transmission electron microscopy (HRTEM), extinction spectroscopy and small
angle x-ray scattering (SAXS) are used to characterize the samples under study. Figure 3.1 (a) shows the
extinction spectrum of the gold-silver core-shell nanoparticles. The experimental results are overlapped
with the best fit using Mie Theory for 65-11 nm gold-silver core-shell nanoparticles at a concentration of
1.5 × 109 nanoparticles/mL.
3.2.3 In-Situ Second Harmonic Generation
The second harmonic generation optical setup is described in chapter 2 and consists of a
femtosecond Ti:sapphire laser, an optical setup, and a monochromator coupled to a CCD detector.
Multiple spectra and background are acquired using a computer-controlled beam block with automated
file saving in order to accurately obtain the SHG spectrum of the colloidal nanoparticle sample as a
function of time during the growth of the silver shell.
3.3 Results and Discussion
Figure 3.1(b) shows the HRTEM image of gold-silver core-shell nanoparticles with a 65 ± 4 nm
gold core and 11 ± 1 nm silver shell. Additional TEM images are provided in Appendix 2. Figure 3.1(c)
shows the small angle electron diffraction (SAED) image of 65-11 nm gold-silver core-shell nanoparticles
where the crystal packing corresponding to gold unit cells in the core and silver unit cells in the shell are
observed. The SAXS spectra of the gold core and the gold-silver core-shell colloidal nanoparticle samples
acquired at the Advanced Photon Source (APS) at Argonne National Laboratory are shown in Figure 3.2,
a-b, respectively. The data are fit using a polydisperse log-normal model obtained from the NIST website
with a core diameter of 64 nm and a shell width of 11 nm.
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Figure 3.1 (a) Extinction spectra of 65-11 nm gold-silver core-shell nanoparticles. The experimental
results are overlapped with the best fit using Mie Theory at a concentration of 1.5 × 109
nanoparticles/mL. (b) HRTEM image of gold-silver core-shell nanoparticles. (c) SAED of gold-silver
core-shell nanoparticles.

Figure 3.2 SAXS spectra of (a) the gold core sample and (b) gold-silver core-shell nanoparticle sample in
water. The experimental data are fit using a polydisperse log-normal model.
The growth of a silver shell on the surface of the colloidal gold nanoparticles is investigated in
real time using SHG for detailed monitoring of the silver shell growth and analysis of the SHG
enhancement. Figure 3.3 shows the evolution of the SHG signal during the in-situ growth of the silver
shell at the colloidal gold surface (red circles). The corresponding SHG spectra are shown in Appendix 2.
The signal increases substantially during the first 90 seconds, then continues to increase slowly and
steadily until a plateau is reached after approximately 17 minutes. The stable and constant SHG signal
after the plateau indicates the completion of the silver shell formation on the gold nanoparticle, resulting
in a stable sample of gold-silver core-shell nanoparticles in colloidal suspension. The silver shells are
uniform in thickness, as confirmed by HR-TEM measurements. These results demonstrate that the seeded
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growth of the gold-silver core-shell can be successfully monitored in real-time using SHG. Additionally,
this work provides a powerful technique for the in-situ investigation of the growth of various nanoshells
and nanomaterials in colloidal suspension, where valuable information on the surface structure,
morphology, and topology can be obtained. The results are compared to a control experiment, where the
SHG signal is measured in time for the reduction of AgNO3 with the addition of ascorbic acid and sodium
hydroxide at the same concentrations as the core-shell experiment, but without the addition of gold
nanoparticles. These control measurements are also shown in Figure 3.3 (blue circles). For the control,
the SHG signal is characterized by a small and fast increase for the first 60 seconds, followed by a plateau
at 90 seconds. The maximum intensity of the SHG signal of the of the colloidal gold-silver core-shell
nanoparticle sample at the plateau is approximately 17 times larger than the SHG signal increase observed
in the control experiment.
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Figure 3.3. (red dots) SHG time-profiles of the growth of the silver shell on the surface of 65 nm colloidal
gold nanoparticles in water achieved by reducing AgNO 3 by adding ascorbic acid and sodium hydroxide.
(blue dots) SHG time-profiles of the reduction of AgNO3 using the same ascorbic acid and sodium
hydroxide concentrations in water.
The gold-silver core-shell nanoparticles have greatly enchanced SHG signal compared to gold
nanoparticles and silver nanoparticles of approximately the same size. Figure 3.4 shows the SHG spectra
of 65 nm gold nanoparticles, 70 nm silver nanoparticles, and 65-11 nm gold-silver core-shell
nanoparticles in water, where all three samples have the same nanoparticle concentration. The incident
laser beam is centered at 800 nm and the generated SHG signal is detected at approximately 400 nm. An
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8-fold and 3-fold enhancement in the 𝐸𝑆𝐻𝐺 signal is observed from the surface of the core-shell sample
compared to gold nanoparticles and silver nanoparticles, respectively, corresponding to an enhancement
of 64-folds and 25-folds in the intensity of the SHG signal, respectively. This remarkable enhancement in
the SHG signal is due to the optical field enhancement generated at the gold and silver interface.
However, additional theoretical work is still needed to accurately model the optical properties of these
core-shell nanoparticles. This optical field enhancement is very advantageous for various applications
using surface optical field enhancement of nanoparticles.
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Figure 3.4. SHG spectra of (red line) 65 nm gold nanoparticles, (blue line) 70 nm silver nanoparticles, and
(green line) 65-11 nm gold-silver core-shell nanoparticles in water at the same nanoparticle concentration.
The SHG peak is detected near 400 nm.
3.4 Conclusion
In-situ SHG is used to monitor the growth of an 11 nm silver shell on the surface of 65 nm gold
nanoparticles. The SHG signal of the growth mechanism is monitored over time at different stages of the
silver reduction reaction. High-resolution TEM and SAXS are used to additionally characterize the size
and surface structure of the gold-silver core-shell nanoparticles. Gold-silver core-shell nanoparticles show
a remarkable SHG enhancement of 64-folds and 25-folds compared to gold nanoparticles and silver
nanoparticles, respectively. This large nonlinear enhancement makes these core-shell nanoparticles very
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promsing for potential applications in molecular sensing such as surface-enhanced Raman spectroscopy,
surface-enhanced fluorescence, and resonance coupling, as well as for labelling in two-photon optical
microscopy investigations. Additionally, the in-situ SHG measurements demonstrate a sensitive technique
for real-time monitoring of core-shell growth mechanisms in hybrid colloidal nanoparticle synthesis.
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CHAPTER 4 – ENHANCED PHOTOTHERMAL EFFECTS AND EXCITED-STATE
DYNAMICS OF PLASMONIC SIZE-CONTROLLED GOLD-SILVER-GOLD CORE-SHELLSHELL NANOPARTICLES*

4.1 Introduction
Metallic nanoparticles composed of gold and silver possess unique chemical, electronic, and
optical properties that are useful for applications in the fields of molecular sensing, catalysis, and
biologically-relevant technologies.1-10 Localized surface plasmon resonances, characterized by the
coherent oscillations of free electrons at the nanoparticles surface 11-13 are highly dependent on the
nanoparticle composition, size, shape and surrounding medium. Plasmonic gold and silver nanoparticles
can be functionalized with biological molecules and polymers through thiolation for applications in
biolabeling,14, 15 drug delivery,16, 17 and photothermal therapy.18-20 Plasmon-enhanced absorption in the
near-infrared (NIR) photon energies, corresponding to the optical window in biological tissues, is
advantageous for biological applications such as photothermal therapy and non-invasive bio-imaging.6
Several different types of plasmonic nanoparticles have been extensively studied due to their
potential use in photothermal therapy including gold nanorods, 21,22 gold nanocages,23 silica-gold coreshell nanoparticles,20, 21 hollow spherical nanoshells,24,25 and gold nanoparticles coated with reduced
graphene oxide.26 These nanoparticles can absorb light in the NIR wavelengths and convert it to heat
through nonradiative processes leading to a localized photothermal effect that can be used for selective
killing of cancer cells. Methods to increase the NIR photothermal efficiency of plasmonic nanoparticles
can provide more effective photothermal cancer therapies. 27, 28 For example, gold-silica-gold
nanomatryoshkas were shown to be more efficient as photothermal transducers than gold-silica coreshell.29 Au@Ag/Au nanospheres composed of a gold nanorod core and a silver/gold alloy shell
demonstrated higher photothermal efficiencies and lower citotoxities than gold nanorods. 30
“Reprinted with permission from [Karam, T. E.; Smith, T. Y.; Haber, L. H. J. Phys. Chem. C 2015, 119,
18573–18580]. Copyright [2015] American Chemical Society.”
*
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Another type of nanoparticle called gold-silver-gold core-shell-shell nanoparticles have been studied for
potential applications in sensing and labeling,31, and represent a new direction for plasmonic engineering
for highly efficient photothermal therapies at NIR wavelengths.
In this chapter, we describe the synthesis, characterization, photothermal measurements, and
transient absorption investigations of colloidal gold-silver-gold core-shell-shell nanoparticles. These
nanoparticles exhibit plasmonic enhancement and controllable extinction spectra extending from the
ultraviolet (UV) to the NIR wavelengths. The ratio of the outer gold shell thickness to the overall particle
size shows a linear dependence with the position of the plasmon extinction peak wavelength. Temperature
measurements after laser irradiation demonstrate that the colloidal gold-silver-gold core-shell-shell
nanoparticles have a higher photothermal effect compared to colloidal gold nanospheres and gold
nanorods. The excited-state dynamics of these plasmonic nanoparticles are studied using pump-probe
transient absorption spectroscopy. The lifetime associated with phonon-phonon scattering is shown to be
remarkably faster in core-shell-shell nanoparticles than in gold nanospheres and nanorods, which is an
important contributing factor leading to their higher photothermal efficiencies. In addition, the synthesis
of extended core-shell architectures with alternating gold/silver shells and controllable core and shell
dimensions is reported for advanced plasmonic engineering.
4.2 Experimental Section
4.2.1 Nanoparticle Synthesis
For the nanoparticle syntheses, all chemicals are purchased from Sigma Aldrich and used without
further purification in ultrapure water. For the synthesis of 12 nm gold nanoparticle seeds for the gold
core, 30 mL of 290 μM gold chloride in water is brought to reflux under vigorous stirring conditions,
followed by the addition of 900 μL of 34 mM sodium citrate. The colloidal solution undergoes a color
change from pale yellow to bright red after 20 minutes and is removed from heat and cooled to room
temperature. For the growth of the first silver shell, 300 μL of the gold seeds are added to 10 mL ultrapure
water. The mixture is kept at room temperature under vigorous stirring with additions of 60 μL of 100
mM ascorbic acid, 15 μL of 100 mM silver nitrate, and 75 μL of 100 mM sodium hydroxide. Ascorbic
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acid is a mild reducing agent that reduces Ag+ onto the gold core under basic conditions.32 The size of the
silver shell can be controlled by selecting the number of ascorbic acid, silver nitrate, and sodium
hydroxide sequential additions. The gold-silver core-shell colloidal nanoparticles are centrifuged at 2,400
rpm for 20 minutes and redispersed in 10 mL of ultrapure water. Different sizes of outer gold shells are
then grown by adding 100 μL, 200 μL, or 300 μL of 29 mM gold chloride, followed by the addition of 25
μL of 34 mM sodium citrate and 100 μL of 0.03 M hydroquinone under vigorous stirring at room
temperature for 60 minutes. These gold-silver-gold core-shell-shell nanoparticles can be easily thiolated
and functionalized for potential biochemical applications. The three steps involved in the synthesis are
depicted in Scheme 4.1.
Spherical gold nanoparticles and gold nanorods are used for comparison studies of the
photothermal effects of the colloidal core-shell-shell nanoparticles. The gold nanospheres of diameter 54
± 6 nm are prepared using a seeding growth technique reported previously. 33-36 Here, 250 μL of the 12 nm
seed solution, 100 μL of 0.03 M hydroquinone, and 22 μL of 34 mM sodium citrate are added
consecutively to 10.0 mL of 2.9 mM gold chloride solution. The solution is left at room temperature and
under vigorous stirring conditions for 60 minutes. The gold nanorod sample is purchased from Nanopartz,
has a 10 ± 1 nm width, a 35 ± 6 nm length, and is capped with CTAB in aqueous colloidal suspension. All

Scheme 4.1. The three steps involved in the synthesis of colloidal gold-silver-gold core-shell-shell
nanoparticles.
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gold nanosphere and gold nanorod studies reported here use these samples with 54 nm diameter
nanospheres and 10 nm width, 35 nm length gold nanorods, respectively.
4.2.2 Characterization
High-resolution transmission electron microscopy (HR-TEM), extinction spectroscopy, emission
spectroscopy, and photothermal measurements are used to characterize the nanoparticles. The average
sizes and size distributions are determined using greater than 100 HR-TEM images for each sample. HRTEM images and extinction spectra of the gold core and gold-silver core-shell nanoparticles are shown in
the Appendix 3. The core-shell-shell concentration is determined using inductively coupled plasma
optical emission spectroscopy (ICP-OES). Energy dispersive X-ray spectroscopy (EDS) is performed to
investigate the elemental composition of the core-shell-shell nanoparticles.
4.2.3 Photothermal Analysis
The photothermal performance of 12-12-30 nm colloidal gold-silver-gold core-shell-shell
nanoparticles at a concentration of 3.6 ×1010 nanoparticles/mL is studied in solution under NIR light. A
0.8 mL volume of the colloidal sample is placed in a 1.0 mm path-length quartz cuvette and irradiated
with a laser beam centered at 800 nm with an average power of 1.7 W, a beam size of 1.2 ± 0.2 mm, a
pulse width of 75 fs, and a repetition rate of 80 MHz. The temperature change is measured using a K type
thermocouple connected to a computer using a data acquisition card. The results are compared to an
ultrapure water sample, the colloidal gold nanosphere sample in water, and the colloidal gold nanorod
sample in water. The gold nanosphere concentration determined using ICP-OES and Mie Theory is 3.1
×1010 nanoparticles/mL and 2.9×1010 nanoparticles/mL respectively. The concentration of the gold
nanorods samples determined using ICP-OES is 2.7×1011 nanoparticles/mL. The optical density (OD =
0.26) of the plasmon peak of the colloidal gold nanospheres at 540 nm is equal to the optical density of
the plasmon peak of the gold-silver-gold core-shell-shell nanoparticle sample at 800 nm as well as the
gold nanorod sample at 800 nm for a quantitative comparison of the photothermal effects of the different
nanoparticle samples.
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4.2.4 Transient Absorption Setup
The transient absorption setup consists of an amplified titanium:sapphire laser system, an optical
parametric amplifier (OPA), an optical setup, and a fiber optic spectrometer with a charge-coupled device
detector.37 The laser produces 0.7 mJ, 75 fs pulses centered at 800 nm with a repetition rate of 10 kHz.
The fundamental beam is split using a beamsplitter to separate the pump and probe pulses. The pump
pulses are passed through an OPA to generate 400 nm, 5 μJ pump pulses that are reflected by a
retroreflector on a computer-controlled translation stage to control the pump-probe temporal delay. The
probe beam is focused into a 1 cm fused quartz flow cell containing water to generate femtosecond white
light probe pulses that are refocused to a spatial overlap with the pump pulse at the sample. The colloidal
sample is contained in a 3 mm fused quartz cell under constant stirring. Several time-resolved spectral
scans are taken for statistical analysis. A schematic diagram of the optical setup is included in the
Appendix 3.
4.3 Results and Discussion
The extinction spectra of the gold-silver-gold nanoparticles as a function of the silver and gold
shell sizes are first investigated. The different average sizes and distributions of the gold-silver-gold coreshell-shell nanoparticles studied are listed in the Appendix 3. Figure 4.1, a-c show selected HR-TEM
images of the gold-silver-gold core-shell-shell nanoparticles with a 12.0 ± 0.9 nm gold core and various
silver and gold shell thicknesses. After the addition of the silver shell, the surface plasmon resonance peak
blueshifts from 513 nm for the gold core to approximately 420 nm for the gold-silver core-shell
nanoparticles. The plasmon extinction peak broadens and increases in intensity as the thickness of the
silver shell is increased, as shown in Appendix 3. Figure 4.2 shows the extinction spectra of the colloidal
gold-silver-gold core-shell-shell nanoparticles with a 12.0 ± 0.9 nm gold core and various silver and gold
shell thicknesses. After the formation of the outer gold shell, the plasmon peak redshifts leading to
enhanced extinction in the near-infrared region. Figure 4.2 (a) shows the normalized extinction spectra of
gold-silver-gold core-shell-shell nanoparticles with a 12.0 ± 0.9 nm gold core, a 12.0 ± 1.1 nm silver
shell, and an outer gold shell of thickness 5.0 ± 0.6 nm, 15.0 ± 0.9 nm, 20.0 ± 1.6 nm, and 30.0 ± 2.4 nm,
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respectively. For the thinnest gold shell of 5 nm, the plasmon peak is centered near 565 nm and extends to
the near-infrared. As the thickness of the outer gold shell is increased, the plasmon peak broadens and
redshifts to the near-infrared. At an outer gold shell thickness of 30.0 ± 2.4 nm, the plasmon peak is
centered near 850 nm.

Figure 4.1. TEM images of gold-silver-gold core-shell-shell nanoparticles with (a) 12-12-12 nm, (b) 1218-10 nm, (c) 12-24-10 nm, (d) 12-12-5 nm, (e) 12-18-10 nm, and (f) 12-24-10 nm core-shell-shell sizes,
respectively.
The effect of varying the thickness of the silver shell is also studied. Figure 4.2 (b) shows the
extinction spectra of gold-silver-gold core-shell-shell nanoparticles with a 12.0 ± 0.9 nm gold core, a 18.0
± 1.6 nm silver shell, and an outer gold shell thickness of 5.0 ± 0.6 nm, 7.5 ± 0.8 nm, and 10.0 ± 1.1 nm,
respectively. Similarly to Figure 4.2 (a), the gold-shell-shell nanoparticles with the thinnest gold shell of 5
nm has a plasmon peak centered near 565 nm that extends to the near-infrared. Increasing the thickness of
the outer gold shell to 10 nm redshifts the plasmon peak wavelength to approximately 585 nm. Figure 4.2
(c) shows the extinction spectra of the gold-silver-gold core-shell-shell nanoparticles with a 12.0 ± 0.9 nm
gold core, a 24.0 ± 2.1 nm silver shell, and an outer gold shell thickness of 5.0 ± 0.7 nm, 7.5 ± 0.9 nm,
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and 10.0 ± 1.1 nm, respectively. For the thinnest gold shell of 5 nm, the plasmon peak is centered at 610
nm and extends to the near-infrared. As the thickness of the gold shell is increased, the plasmon peak first
blueshifts, then an additional peak centered in the NIR rises and increases in intensity. The plasmonenhanced extinction spectra can be controlled from the UV to the NIR wavelengths by varying the silver
and gold shell sizes, making these nanoparticles ideal for many biologically-relevant applications such as
photothermal therapy and bioimaging.6 Importantly, as shown in Figure 4.2 (d), the plasmon extinction
peak wavelength depends linearly on the ratio of thickness of the outer gold shell to the overall size of the
nanoparticle. The equation of the best fit line is given by a slope of 1.44×10 -3 ± 2.9×10-5 nm-1 and a yintercept of -0.64 ± 0.02. This relationship provides a mechanism to control the plasmonic optical
properties of the colloidal gold-silver-gold core-shell-shell nanoparticles depending on the desired
application. Future studies will compare these experimental results to theoretical modelling to investigate
the underlying plasmonic interactions that give rise to these controlled optical properties. The EDS
spectrum provided in the Appendix 3 for the 12-12-30 nm gold-silver-gold core-shell-shell nanoparticle
sample shows that silver is still present after the formation of outer gold layer.
Figure 4.3 displays the results of the photothermal study of different nanoparticle samples. The
temperature of the 12-12-30 nm colloidal gold-silver-gold core-shell-shell nanoparticle sample with a 12
nm core, a 12 nm silver shell, and a 30 nm outer gold shell as a function of time after irradiation with 800
nm laser light is shown. The results are compared to corresponding measurements on colloidal gold
nanorods with a 10 nm width and a 35 nm length in water, 54 nm colloidal gold nanospheres in water,
and an ultrapure water control sample. The extinction spectra of these samples are shown in the Appendix
3. The water and spherical colloidal gold nanoparticle samples do not exhibit any detectable temperature
change after laser irradiation. Here, the negligible extinction at 800 nm corresponds to negligible heating.
The colloidal core-shell-shell nanoparticles show a temperature change of 5.2 ± 0.2 ℃ at a rate of 1.5
℃/min due to the conversion of the absorbed NIR light to heat by the plasmonic nanoparticles. The gold
nanorods show a temperature change of 3.7 ± 0.2 ℃ at a rate of 0.75 ℃/min. It is important to note that
previous photothermal studies of gold nanorods of these same dimensions were compared to silica-gold
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core-shell nanoparticles as well as gold nanoparticles coated with reduced graphene oxide. 26 Our results
indicate that gold-silver-gold core-shell-shell nanoparticles have the largest plasmonic photothermal
effects in the NIR for potential advances in photothermal cancer therapy.

Figure 4.2. Normalized extinction spectra of different samples of the colloidal gold-silver-gold core-shellshell nanoparticles obtained by varying the thickness of the gold and silver shells. The size of the gold
core is 12.0 ± 0.9 nm, and the thickness of the silver shell is (a) 12.0 ± 1.1 nm, (b) 18.0 ± 1.6 nm, and (c)
24.0 ± 2.1 nm, respectively. (d) The position of the plasmon extinction peak wavelength varies linearly
with the ratio of the gold shell thickness to the overall particle size.
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Figure 4.3. Temperature change over time upon irradiation with 1.7 W of 800 nm laser light of (black
dots) water, (red dots) 54 nm colloidal gold nanospheres, (green dots) colloidal gold nanorods, and (blue
dots) 12-12-30 nm colloidal gold-silver-gold core-shell-shell nanoparticles. The laser beam is unblocked
at time 0 s.
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Femtosecond transient absorption is used to investigate the excited-state dynamics of gold-silvergold core-shell-shell nanoparticles for comparison to gold nanosheres and gold nanorods. The excitedstate dynamics and spectral features of the transient absorption measurements of gold nanoparticles have
been extensively studied.38, 39 Figure 4.4 displays the transient absorption spectra and time profiles of 54
nm colloidal gold nanospheres at different time delays using 400 nm, 5 μJ pump pulses.

Figure 4.4. (a) Transient absorption spectra of 54 nm colloidal gold nanospheres at different time delays
using excitation with a 400 nm pump pulse. (b) Transient absorption time profiles of 54 nm colloidal gold
nanospheres at 480 nm and 535 nm probe wavelengths with corresponding fits.
A positive band centered at 480 nm arises from an electronic interband transition. A negative
band centered at 535 nm is attributed to the depletion of the plasmon electrons. Another positive band
after 578 nm is due to the absorption of thermally excited plasmon electrons. These electrons are excited
by lattice vibrations and can relax back to the ground-state through electron-electron scattering, electronphonon scattering, and phonon-phonon scattering. Representative transient absorption time profiles
measured at 480 nm and 535 nm are shown in Figure 4.4 (b). The time-dependent transient absorption
profiles are analyzed over the wavelength range of 410 nm to 550 nm using a global analysis technique
shown in Appendix 3. Three lifetimes are required to adequately describe the relaxation dynamics of the
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gold nanosphere sample. The time profile at 480 nm is characterized by a single exponential function with
a lifetime of 8.0 ± 0.6 ps. The time profile corresponding to the plasmon depletion band centered at 535
nm is characterized by two exponential functions with lifetimes of 2.6 ± 0.3 ps and 94.0 ± 7.3 ps
attributed to electron-phonon scattering and phonon-phonon scattering respectively.
The excited-state dynamics of gold nanorods show similar excited-state relaxation dynamics.
Figure 4.5 a-b display the transient absorption spectra of the colloidal gold nanorods at different pumpprobe time delays using 400 nm and 800 nm, 5 μJ pump pulses, respectively. Two negative bands near
530 nm and 750 nm are attributed to the depletion of the transverse and longitudinal plasmon modes,
respectively. A positive transient absorption band centered near 625 nm is caused by thermally-excited
plasmonic electrons.40, 41 Representative transient absorption time profiles at 750 nm using 400 nm and
800 nm pump pulse excitation wavelengths are shown in Figure 4.5 (c). The longitudinal and transverse
bands have similar excited-state relaxation lifetimes, in concurrence with the same electron-phonon and
phonon-phonon relaxation pathways of the two orthogonal oscillations. 40 The time-dependent transient
absorption profiles are analyzed over the wavelength range of 490 nm to 770 nm using a global analysis
technique shown in Appendix 3. Three lifetimes are required to adequately describe the relaxation
dynamics of the gold nanorod sample. The electron-phonon and phonon-phonon scattering lifetimes
obtained from global analysis using 400 nm pump pulses are 2.8 ± 0.3 ps, and 102 ± 7 ps The electronphonon and phonon-phonon scattering lifetimes obtained from global analysis using 800 nm excitation
pulses are 3.2 ± 0.4 ps and 104 ± 12 ps. An important observation is that the plasmon depletion dynamics
corresponding to the electron-phonon and phonon-phonon scattering lifetimes for the gold nanorod
sample is shown to be the same when exciting with either 400 nm or 800 nm, to within experimental
uncertainty.
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Figure 4.5. Transient absorption spectra of colloidal gold nanorods at different time delays using (a) 400
nm and (b) 800 nm excitation pulses. (c) Transient absorption time profiles of colloidal gold nanorods at a
probe wavelength of 750 nm using 400 nm and 800 nm pump pulse excitation wavelengths with
corresponding fits.
Pump-probe transient absorption spectroscopy is used to investigate the enhanced photothermal
effect of the colloidal gold-silver-gold core-shell-shell nanoparticles. Figure 4.6 shows the transient
absorption spectra of 12-12-30 nm colloidal gold-silver-gold core-shell-shell nanoparticles with a 12 nm
core, a 12 nm silver shell, and a 30 nm outer gold shell at different time delays using (a) 400 nm and (b)
800 nm, 5 μJ pump pulses. A positive band centered at 470 nm is observed using 400 nm excitation
pulses and is attributed to the electronic interband transition. A broad plasmon depletion band is observed
for wavelengths greater than 500 nm, extending to the NIR, using 400 nm and 800 nm pump pulse
excitation wavelengths. The transient absorption time profiles measured at 750 nm using 400 nm and 800
nm excitation pulses are shown in Figure 4.6 (c). The time-dependent transient absorption profiles are
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Figure 4.6. Transient absorption spectra of 12-12-30 nm colloidal gold-silver-gold core-shell-shell
nanoparticles at different time delays using (a) 400 nm and (b) 800 nm pump pulse excitation
wavelengths. (c) Transient absorption time profiles of these nanoparticles measured at 750 nm using 400
nm and 800 nm pump pulse excitation wavelengths with corresponding fits.
analyzed over the wavelength range of 450 nm to 770 nm using a global analysis technique shown in the
Appendix 3. Three lifetimes are required to adequately describe the relaxation dynamics of the core-shellshell nanoparticle sample. The electronic interband transition observed after 400 nm pump pulses is
characterized by a lifetimes of 5.0 ± 0.3 ps. The plasmon depletion band is described by the two lifetimes
of 3.0 ± 0.2 ps and 23.5 ± 0.6 ps using 400 nm excitation pulses and 2.8 ± 0.2 ps and 23.9 ± 0.5 ps using
800 nm excitation pulses. These two lifetimes are attributed to electron-phonon scattering and phononphonon scattering, respectively. Again, we observe that the electron-phonon and phonon-phonon
scattering lifetimes are the same using either 400 nm or 800 nm excitation pulses, to within experimental
uncertainty. However, the decay lifetimes of the plasmon band are dependent on the fluences of the
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excitation pulses.39,42,43 The power-dependent study of the three samples under study is shown in the
Appendix 3. The lifetime associated with the electron-phonon scattering is identical within the standard
deviation for the gold nanoparticles, gold nanorods, and gold-silver-gold core-shell-shell nanoparticles
under study. Electron-phonon scattering and phonon-phonon scattering in the umklapp processes are
known to limit the thermal conductivity of materials. 44-47 Importantly, the lifetimes of the phonon-phonon
scattering is remarkably faster in the case of the core-shell-shell nanoparticles, which is a contributing
factor that leads to more efficient energy relaxation for the photothermal effect.
This reported synthesis technique also allows for the continuation of alternating gold/silver shells
for advanced plasmonic engineering. Figure 4.7 shows the normalized extinction spectra of 12 nm
colloidal gold nanoparticles, 30 nm colloidal gold-silver core-shell nanoparticles, 35 nm colloidal goldsilver-gold core-shell-shell nanoparticles, 47 nm colloidal gold-silver-gold-silver core-shell-shell-shell
nanoparticles, and 53 nm colloidal gold-silver-gold-silver-gold core-shell-shell-shell-shell nanoparticles,
respectively. Each successive sample uses the previous sample as its corresponding core, for direct
comparison. Here, the plasmon extinction peak wavelength closely correlates with the composition of the
outer shell of the nanoparticle. For example, when the outer shell composition is gold, the plasmon
extinction peak wavelength ranges from about 550 to 600 nm. Similarly, when the outer shell is silver, the
plasmon extinction peak wavelength ranges from about 400 to 450 nm. In addition, every sequential shell
of alternating gold or silver composition broadens the plasmon extinction peak while redshifting it further
to the NIR wavelengths. It is also important to point out that the extinction peak wavelength of the
extended gold-silver-gold-silver-gold nanoparticles with multiple alternating gold and silver shells does
not follow the linear trend reported in Figure 4.2 (d). Therefore, these extended core-shell architectures
with controllable core and shell dimensions of alternating gold and silver compositions provide additional
spectral tunability for advanced plasmonic nanoparticle engineering. Several approaches were used for
the synthesis of non-plasmonic core-multiple nanocrystals. 48,49 However, to our knowledge, this is the
first report of extended core–shell architectures with controllable core and shell dimensions of alternating
gold/silver shells. This synthesis strategy allows for the control of the optical properties of the plasmonic
49

nanoparticles with extinction peaks extending from the near ultraviolet to the infrared for various
potential applications.

Figure 4.7. Normalized extinction spectra of 12 nm colloidal gold nanoparticles (black line), 30 nm
colloidal gold-silver core-shell nanoparticles (red line), 35 nm colloidal gold-silver-gold core-shell-shell
nanoparticles (blue line), 47 nm colloidal gold-silver-gold-silver core-shell-shell-shell nanoparticles
(green line), and 53 nm colloidal gold-silver-gold-silver-gold core-shell-shell-shell-shell nanoparticles
(purple line).
4.4 Conclusion
In summary, the development of a new synthesis technique for colloidal gold-silver-gold coreshell-shell nanoparticles is reported. These nanoparticles exhibit plasmon enhancement and controllable
NIR absorption that are very advantageous for biologically-relevant applications such as photothermal
cancer therapy and biosensing. The plasmon extinction peak wavelength of the gold-silver-gold coreshell-shell nanoparticles depends linearly on the ratio of the thickness of the outer gold shell to the overall
size of the nanoparticle. A photothermal study shows a significant temperature increase of colloidal 1212-30 nm gold-silver-gold core-shell-shell nanoparticle sample upon irradiation with NIR laser light,
demonstrating a larger photothermal effect compared to gold nanorods and gold nanospheres. Transient
absorption measurements show that the phonon-phonon scattering lifetime for colloidal gold-silver-gold
core-shell-shell nanoparticles is much faster than the corresponding lifetimes for gold nanospheres and
nanorods, which contributes to the higher photothermal efficiencies of the core-shell-shell nanoparticles.
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CHAPTER 5 – ENHANCED PLASMON-EXCITON RESONANCE AND FLUORESCENCE AT
THE SURFACE OF COLLOIDAL GOLD-SILVER-GOLD CORE-SHELL-SHELL
NANOPARTICLES

5.1 Introduction
Plasmonic nanomaterials have been widely studied due to their various applications in molecular
sensing, catalysis, nanomedicine, and photovoltaics. 1-10 Particular interest arises from the localized
surface plasmon resonances from the coherent oscillations of free electrons 11-13 that can lead to significant
optical enhancement of processes such as surface-enhanced Raman scattering (SERS),14, 15 surfaceenhanced fluorescence,16, 17 second harmonic generation (SHG),18, 19 and sum frequency generation
(SFG).20–25 Recently, we reported the synthesis, the enhanced photothermal properties, and the excitedstate dynamics of plasmonic gold-silver-gold core-shell-shell nanoparticles.26 The higher photothermal
efficiency of these nanoparticles was attributed to faster phonon-phonon scattering lifetimes and lower
fluorescence signals.
Second harmonic generation is a powerful tool for the study of colloidal centrosymmetric
nanoparticles such as gold and silver.27 SHG is a second order nonlinear technique where two incident
photons of frequency 𝜔 add coherently to scatter a photon of frequency 2𝜔. SHG is typically forbidden in
bulk media with a center of inversion, which makes it a surface-specific technique that is ideal for the
study of colloidal nanoparticle surfaces.28 The adsorption isotherms of triphenylmethane dyes at the gold
nanoparticle surface have been previously investigated and the free energies of adsorption and the number
of adsorbate sites per nanoparticle have been obtained by analyzing the experimental results using a
modified Langmuir model.29, 30 In general, the molecular adsorption properties are shown to be governed
by the adsorbate molecular structure, as well as interactions involving electrostatic and
hydrophobic/hydrophilic forces at the nanoparticle surface.
The resonance coupling of plasmonic nanoparticles with organic adsorbates can give rise to
strong optical interactions that can be measured by extinction spectroscopy.30, 31 New exciton-plasmon
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polariton peaks and Fano-type profiles have been observed due to the resonance coupling of molecules to
the plasmon band. These quantum mechanical states are described by a coupled-oscillator Hamiltonian
and are separated by Rabi splitting energy ℎ𝜔𝑐 .32 Resonance coupling has been observed between organic
dye molecules and various plasmonic nanomaterials such as silver nanoparticles on a substrate,33 noble
metal nanovoids,34 gold nanorods in colloidal suspension, 31 and colloidal gold nanoparticles.30
Additionally, fluorescence quenching or enhancement of organic molecules due to the weak coupling to
plasmonic nanoparticles were also reported.35-37 showing that the fluorescence intensity of the dyenanoparticle complex depends on its spectral overlap with the plasmonic band.37
In this chapter, the adsorption isotherms of three triphenylmethane dyes malachite green, brilliant
green, and methyl green, as well as rhodamine 110, are measured using SHG at the surface of 65-11-9 nm
colloidal gold-silver-gold core-shell-shell nanoparticles in water. A modified Langmuir model is used to
fit the adsorption isotherms in order to obtain the free energies of adsorption as well as the number of
adsorbate sites per nanoparticle. Enhanced resonance coupling between the dye molecules and the coreshell-shell nanoparticles is reported and can be described by the formation of new exciton-plasmon
polariton states and Fano-type profiles. The fluorescence of the triphenylmethane dyes is remarkably
enhanced at the core-shell-shell nanoparticle surface while that of rhodamine 110 is significantly
quenched. Additionally, transient absorption is used to probe the excited-state dynamics of the various
dyes adsorbed on the core-shell-shell nanoparticle surface. The excited-state relaxation decays of brilliant
green are slightly slower on the colloidal nanoparticle surface then in solution due to molecular
confinement and electrostatic hindrance of the torsional dynamics of the molecule at the nanoparticle
surface. On the other hand, the excited-state relaxation dynamics of rhodamine 110 at the colloidal coreshell-shell nanoparticle surface are much faster than those measured in solution due to energy transfer
from the dye molecule to the core-shell-shell plasmonic band. Additional transient absorption spectra
show the excited-state relaxation dynamics of the exciton-plasmon polariton states at the surface of the
core-shell-shell nanoparticles.
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5.2 Experimental Section
5.2.1 Nanoparticle Synthesis and Characterization
The gold nanoparticle sample is prepared using a two-step seeding growth technique.38, 39 All
chemicals are purchased from Sigma-Aldrich and used without further purification in ultrapure water. The
first step of the synthesis involves the preparation of gold seeds by adding 900 μL of 34 mM sodium
citrate to 30 mL of 290 μM gold chloride in water under boiling and vigorous stirring conditions. The
colloidal solution is removed from heat and cooled down after 15 min or when a deep red color is
reached. In a second step, the gold nanoparticles are prepared by adding 100 μL of 29 mM gold chloride
and 75 μL of the prepared gold colloidal seeds to 9.7 mL of water. 25 μL of 34 mM sodium citrate and
100 μL of 0.03 M hydroquinone are added to the mixture, which is then maintained under vigorous
stirring at room temperature for 60 min. Colloidal gold-silver core-shell nanoparticles are prepared by the
consecutive additions of 60 μL of 100 mM ascorbic acid, 30 μL of 100 mM AgNO 3, and 80 μL of 100
mM of NaOH to 10 mL of the prepared colloidal gold sample. The final mixture is left stirring at room
temperature for 30 min. The colloidal gold-silver core-shell sample is centrifuged and washed twice, then
redispersed in 10 mL ultrapure water. The core-shell-shell nanoparticles are prepared by adding 100 μL of
29 mM gold chloride and 22 μL of 34 mM sodium citrate to the colloidal gold-silver core-shell sample.
The mixture is then vortexed for 5 min, followed by the dropwise addition of 100 μL of 0.03 M
hydroquinone. The colloidal gold-silver-gold core-shell-shell nanoparticles are left under vigorous stirring
at room temperature for 60 min. Finally, the colloidal core-shell-shell sample is centrifuged and washed
twice then redispersed in a mixture of 10 mL water and 20 μL of 34 mM sodium citrate. Transmission
electron microscopy (TEM), extinction spectroscopy, and inductively coupled plasma optical emission
spectroscopy (ICP-OES) are used to characterize the nanoparticle samples. The average size distribution
is determined using more than 100 nanoparticles for each sample. TEM images and extinction spectra of
the gold core and the gold-silver core-shell nanoparticles are shown in Appendix 4. The measured
nanoparticle sizes are 65 ± 4 nm, 88 ± 6 nm, and 103 ± 7 nm for the gold nanoparticles, gold-silver coreshell nanoparticles, and gold-silver-gold core-shell-shell nanoparticles, respectively. The core−shell−shell
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nanoparticle bulk concentration determined with ICP-OES using both gold and silver atomic emission
measurements is 9.6 × 109 nanoparticles/mL. The relative gold to silver concentration is in agreement
with the TEM results. Figure 5.1 (a) shows a representative TEM image of 105 ± 7 nm gold-silver-gold
core-shell-shell nanoparticles composed of a 62 nm gold core, 8 nm silver shell, and 4 nm gold outer
shell. Figure 5.1 (b) shows the extinction spectra of colloidal 106 nm gold-silver-gold core-shell-shell.
The experimental spectrum is fit using Mie theory.

Figure 5.1. (a) TEM image and (b) extinction spectrum of 105 ± 7 nm gold-silver-gold core-shell-shell
nanoparticles. The experimental spectrum are fit using Mie theory.
5.2.2 Second Harmonic Generation
The second harmonic generation optical setup has been previously reported elsewhere. 30, 29, 41
Briefly, a titanium:sapphire oscillator produces 70 fs pulses centered at 800 nm with a repetition rate of
80 MHz and an average power of 3.0 W. The generated laser pulses pass through an optical filter to
remove any SHG residual light prior to the sample. A 20 mm focal length lens is used to focus the
incident beam into a 1 cm quartz cuvette containing the colloidal nanoparticle sample. The generated
SHG signal is collected in the forward direction and refocused to a monochromator connected to a highsensitivity spectroscopy charge coupled device detector (CCD). An additional filter is placed before the
CCD to remove any fundamental laser light while transmitting the SHG signal generated from the sample.
A computer-controlled burette is used for the addition of the different dye solutions and the sample is
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automatically stirred after each addition. Each spectrum and background is acquired 50 times for
statistical analysis for each concentration measured for each sample.
5.2.3 Transient Absorption Setup
The transient absorption optical setup has been previously reported. 26,42 An amplified
titanium:sapphire laser system generates 0.7 mJ, 70 fs pulses centered at 800 nm with a repetition rate of
10 KHz. The fundamental beam is split using a beam splitter into two separated pump and probe pulses.
The pump pulses are passed through an optical parametric amplifier (OPA) to selectively generate the
excitation wavelength, which are then reflected through a retroreflector on a computer-controlled delay
stage. The probe beam passes through a 𝛽-barium borate crystal to generate 400 nm pulses through
frequency doubling. The 400 nm and the residual 800 nm pulses are then focused into a 1 cm fused quartz
flow cell containing water to generate a stable femtosecond white light probe pulses. The pump beam is
focused to a spatial overlap with the probe beam at a 3 mm fused quartz cell containing the sample under
constant stirring.

5.3 Results and Discussion
SHG is used to investigate the adsorption properties of malachite green, brilliant green, methyl
green, and rhodamine 110 at the surface of 105 ± 7 nm colloidal gold-silver-gold core-shell-shell
nanoparticles. Figure 5.2, a-c show representative SHG spectra of the core-shell-shell nanoparticles at
1.6 × 109 nanoparticles/mL in water at various added malachite green, brilliant green, and methyl green
concentrations. The lower wavelength peak centered at 400 nm is assigned to SHG while the rise at
higher wavelength is attributed to two-photon fluorescence.43, 44 The position of the SHG peak remains
constant within experimental uncertainties for all added dye concentrations. The SHG intensities are
shown to increase with the added dye concentration reaching maxima as the adsorbates at the core-shellshell nanoparticle interface reach their saturation values. Figure 5.2 (d) shows representative SHG spectra
of the core-shell-shell nanoparticles at 1.6 × 109 nanoparticles/mL in water at various added rhodamine
110 concentrations. The fluorescence contribution to the measured spectra is significant in this case.
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Thus, these spectra are fit with a sum of a Gaussian and a third order polynomial functions to deconvolute
the SHG and the two-photon fluorescence signal, respectively. The SHG peaks are centered at 399.8 ± 0.1
nm and full width at half-maxima of 4.5 ± 0.2 nm. The peak centers and widths stay constant to within
experimental uncertainty for all added dye concentrations. As shown in Figure 5.2 (d) using solid black
lines, the corresponding fits all accurately describe the measured spectra. Similarly to the
triphenylmethane dyes, the SHG intensities are shown to increase with the added dye concentration
reaching maxima as the adsorbates at the core-shell-shell nanoparticle interface reach their saturation
values.

Figure 5.2. SHG spectra of the colloidal 106 ± 7 nm gold-silver-gold core-shell-shell nanoparticles at
different (a) malachite green, (b) brilliant green, (c) methyl green, and (d) rhodamine 110 concentrations.
The adsorption isotherms obtained from the SHG spectra from the addition malachite green,
brilliant green, methyl green, and rhodamine 110 to colloidal gold-silver-gold core-shell-shell
nanoparticles are shown in Figure 5.3. The experimental data are corrected by subtracting the added
hyper-Rayleigh scattering arising from the free dye molecules in solution. 30 Additional information on the
correction method is described in Appendix 4. The concentration-dependent hyper-Rayleigh scattering
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Figure 5.3. Adsorption isotherm results (black dots) obtained from second harmonic generation
measurements as a function of (a) malachite green, (b) brilliant green, (c) methyl green, and (d)
rhodamine 110 concentrations to the surface of colloidal 106 ± 7 nm gold nanoparticles at a concentration
of 1.6 × 109 nanoparticles/mL. The experimental data are compared with the best fits from the modified
Langmuir model (dotted red lines).
signal of the four dye solutions is shown in Appendix 4, where the hyper-Rayleigh scattering signal is
proportional to the free dye concentration in water. The corrected experimental data are compared to the
modified Langmuir model29, 45 given by
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(1)

where 𝑁 is the adsorbate population on the nanoparticle surface, 𝑁𝑚𝑎𝑥 is the maximum number of
adsorbate sites on the nanoparticle surface multiplied by the concentration of nanoparticles in the
solution, 𝐶 is the adsorbate bulk concentration added, and 𝐾 is the adsorption equilibrium constant. The
free energy of adsorption is calculated using the equation ∆𝐺 𝑜 = −𝑅𝑇 ln 𝐾, where 𝑅 is the ideal gas
constant and 𝑇 is temperature. The free energies of adsorption obtained from the best fit of the adsorption
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isotherms are -13.9 ± 0.1 kcal/mol, -13.0 ± 0.2 kcal/mol, -13.6 ± 0.1 kcal/mol, -10.7 ± 0.3 kcal/mol for
malachite green, brilliant green, methyl green, and rhodamine 110 adsorbed on the surface of core-shellshell nanoparticles, respectively. The corresponding number of adsorption sites per particle for the four
different molecules is determined to be (5.46 ± 0.01) × 104 , (1.39 ± 0.02) × 104 , (4.87 ± 0.01) × 104 ,
(1.12 ± 0.01) × 104 sites per particle, respectively. The adsorption site areas are 148 ± 6 𝐴2 , 96 ± 9 𝐴2 ,
118 ± 6 𝐴2 , 63 ± 9 𝐴2 . These values are dependent on the adsorbate interactions with the nanoparticle
surface as well as adsorbate−adsorbate repulsions. 30 Of the four molecular dyes, rhodamine have the
lowest magnitude of free energy of adsorption and the smallest adsorption site areas. The positively
charged molecular dyes have a very strong electrostatic attraction to the negatively charged nanoparticle
surface. However, the adsorption properties are highly dependent on the molecular structure of the
adsorbate, especially around the charged nitrogen center, which in turn affects the image-charge
attractions with the metal center. The same trend of the free energy of adsorption and site area obtained
from the adsorption of these four molecular dyes on the surface of 85 nm colloidal gold nanoparticles is
shown in Appendix 4. The free energies of adsorption obtained from the best fit of the adsorption
isotherms are -15.3 ± 0.2 Kcal/mol, -14.8 ± 0.1 Kcal/mol, -15.0 ± 0.2 Kcal/mol, -12.7 ± 0.3 Kcal/mol for
malachite green, brilliant green, methyl green, and rhodamine 110 adsorbed on the surface of 85 nm
colloidal gold nanoparticles, respectively. The corresponding number of adsorption sites per particle for
the four different molecules is determined to be (9.4 ± 0.02) × 103 , (8.8 ± 0.03) × 103 , (9.0 ± 0.02) ×
103 , (7.8 ± 0.03) × 103 sites per particles, respectively. The adsorption site areas are 79 ± 3 𝐴2 , 68 ± 4
𝐴2 , 72 ± 4 𝐴2 , 53 ± 4 𝐴2 . However, the free energies of adsorption of the four molecular dyes studied are
higher and the site areas are smaller when they are adsorbed on the surface of gold nanoparticles
compared to the core-shell-shell nanoparticles. The corresponding SHG spectra and adsorption isotherms
of the dyes adsorbed on the surface of 85 nm colloidal gold nanoparticles capped in citrate are shown in
Appendix 4. The effect of added NaCl on the SHG signal of the core-shell-shell nanoparticles is
investigated and the corresponding SHG spectra are shown in Appendix 4. A decrease in the SHG signal
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with the salt concentration is observed due to dilution effects and the change in the electrostatic potential
at the nanoparticle surface, which leads to a change in the corresponding 𝜒 (3).46, 47 The SHG signal
remained stable for added NaCl concentrations higher than 65 𝜇M, showing that aggregation does not
occur at the added dye concentrations of this study. This remarkable decrease in the SHG signal of the
core-shell-shell nanoparticle sample after the addition of salt will be further investigated in future studies.
The effect of the plasmonic nanoparticles on the quenching or enhancement of the fluorescence
signal of the dye molecules is shown in Figure 5.4. In addition to the effect of the core-shell-shell
nanoparticles on the fluorescence of the molecular dyes, spectral resonance coupling between the
molecules and the plasmonic core-shell-shell nanoparticles is investigated. Figure 5.5 shows the
difference spectra obtained after subtracting the core-shell-shell nanoparticle and the dye extinction
spectra alone in water from the spectra measured from mixtures of both at the same corresponding
concentrations. The dye concentrations are chosen to span the relevant concentrations of the adsorption
isotherms determined from the SHG measurements above for each triphenylmethane dye. Several
additional features are observed that can be attributed to enhanced exciton-plasmon polaritons and Fanotype resonances at the core-shell-shell surface. Positive and negative extinction peaks are observed and
can be attributed to super-radiant and sub-radiant spectra regions, respectively. Resonance coupling
between triphenylmethane dyes and gold nanoparticles has been previously reported. 30 However, the
resonance coupling signal at the surface of the colloidal core-shell-shell nanoparticles is around 40 times
more enhanced than at the surface of gold nanoparticles. The Fano-type resonance is due to the coupling
between a spectral continuum and a narrow discrete resonance. The spectral resonance of the core-shellshell nanoparticles is broader than that of gold nanoparticles, which leads to the enhanced Fano-type
resonance peaks.
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Figure 5.4. Fluorescence spectra of 1.0 μM (a) malachite green, (b) brilliant green, (c) methyl green, and
(d) rhodamine 110 at different added core-shell-shell nanoparticle concentrations. The spectra are
normalized to the fluorescence intensity of the dyes alone.

Figure 5.5. Difference spectra obtained from subtracting core-shell-shell nanoparticle and dye molecule
extinction spectra alone in water from the spectra measured from mixtures of both at corresponding
concentrations for (a) malachite green, (b) brilliant green, (c) methyl green, and (d) rhodamine 110.
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Femtosecond transient absorption is used to investigate the excited-state dynamics of 105 ± 7 nm
colloidal gold-silver-gold core-shell-shell nanoparticles. Figure 5.6 (a) shows representative transient
absorption spectra of the colloidal gold-silver-gold core-shell-shell nanoparticles at different time delays
using 400 nm, 5 μJ pump pulses. A positive band centered at 480 nm is attributed to the excited-state
absorption of the interband transition electrons. A broad plasmon depletion band is observed for
wavelengths greater than 500 nm, extending past 700 nm and is centered at 550 nm. The corresponding
time-profiles integrated at 480 and 550 nm are shown in Figure 5.6 (b). Similarly to gold nanoparticles,
three lifetimes are required to adequately describe the excited-state dynamics of the core-shell-shell
nanoparticles.26, 48, 49 As shown in Figure 5.6 (c) from the decay spectra obtained using a global analysis
technique,50 a lifetime of 7.0 ± 0.2 ps is associated with the interband transition. The electron-phonon and
the phonon-phonon scattering relaxation decay are characterized by lifetimes of 5.4 ± 0.1 ps and 21 ± 0.4
ps, respectively. The phonon-phonon scattering lifetime has been reported to be significantly faster in
core-shell-shell nanoparticles than gold nanoparticles, which enhances the photothermal effect of the
nanoparticles.26 Figure 5.6 (d) shows the residual signals from the transient absorption time profiles
measured at 550 nm after subtracting the biexponential best fits, showing oscillations that are attributed to
acoustic phonons. The damping lifetime and oscillation period of the acoustic phonons are 13.5 ± 0.4 ps
and 2.9 ± 0.2 ps, respectively. However, additional size-dependent studies are still needed to accurately
model the acoustic phonons of three-layered plasmonic nanoparticles.
In order to better understand the coupling between molecules and the nanoparticle plasmon
resonance, the excited-state dynamics of brilliant green and rhodamine 110 adsorbed on the surface of
gold-silver-gold core-shell-shell nanoparticles are investigated and compared to those of the dye
molecules in water. The excited-state dynamics of triphenylmethane dyes have been previously
investigated in bulk solution and at the air/water interface. 51, 52 Representative transient absorption spectra
of brilliant green in water and adsorbed on the surface of colloidal core-shell-shell nanoparticles are
shown in Figure 5.7, a-b, respectively. A positive band centered at 480 nm is attributed to excited-state
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absorption, followed by a negative band attributed to ground-state depletion centered at 580 nm and 600
nm for brilliant green in water and at the core-shell-shell nanoparticle surface, respectively.

Figure 5.6. (a) Transient absorption spectra of 105 ± 7 nm colloidal gold−silver−gold core−shell−shell
nanoparticles at different time delays using 400 nm pump pulse excitation wavelength. (b) Transient
absorption time profiles of these nanoparticles measured at 480 and 550 nm. (c) Decay spectra obtained
using a sum of exponential fits for the time-dependent transient absorption spectra of the core-shell-shell
nanoparticles. (d) Residual signals from the transient absorption time profiles measured at 550 nm after
subtracting the biexponential best fits, showing the phonon oscillations.
Representative transient absorption time-profiles measured of malachite green in water and at the
core-shell-shell nanoparticle surface are shown in Figure 5.7, b-e, respectively. The global analysis of the
transient absorption time-profiles of brilliant green in water and at the core-shell-shell nanoparticle
surface are shown in Figure 5.7 (c) and (f), respectively. Three lifetimes are needed to accurately describe
the excited-state relaxation dynamics of brilliant green. These lifetimes are 0.82 ± 0.04 ps, 0.63 ± 0.03 ps,
and 3.18 ± 0.07 ps for brilliant green in water compared to 0.32 ± 0.02 ps, 0.98 ± 0.08 ps, and 3.85 ± 0.11
ps for brilliant green at the core-shell-shell nanoparticle surface. The first lifetime is faster while the other
two are slower at the core-shell-shell nanoparticle surface. The three lifetimes of brilliant green in
solution are known to describe the propeller-like torsional dynamics of the phenyl rings about the central
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Figure 5.7. Transient absorption spectra of 8 μM brilliant green (a) in water and (b) adsorbed on the
surface of 106 ± 7 nm colloidal core-shell-shell nanoparticles at a concentration of 1.6 × 109
nanoparticles/mL at different time delays using 400 nm pump pulse excitation wavelength. Transient
absorption time profiles of brilliant green (c) in water and (d) adsorbed on the surface of core-shell-shell
nanoparticles measured at 480 and 580 nm. Decay spectra obtained using a sum of exponential fits for the
time-dependent transient absorption spectra of brilliant green (e) in water and (f) adsorbed on the surface
of core-shell-shell nanoparticles.
carbon, as the excited-state molecule first torsionally twists away from the ground state configuration,
then more slowly twists back again to the ground state geometry. The slower lifetimes of the molecule at
the nanoparticle surface indicates a molecular confinement and electrostatic hindrance of the molecular
torsional dynamics. It is important to point out that these mesaurements are an average of molecules in
solution and adsorbed to the nanoparticle surface. However, in this case, the optical field enhancement of
the plasmon causes a much larger sampling of the adsorbed molecules. The decay lifetimes of brilliant
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green adsorbed on the surface of 85 ± 7 nm colloidal gold nanoparticles shown in Appendix 4 are 0.71 ±
0.05 ps, 0.75 ± 0.04 ps, and 3.33 ± 0.07 ps. The change in the excited-state relaxation lifetimes of brilliant
green is more significant at the core-shell-shell surface than at the gold surface. This may be a
consequence of greater optical field enhancement in the core-shell-shell nanoparticle causing greater
weighting to the ensemble of adsorbed molecules over free molecules compared to the gold nanoparticle
which has a lower optical field enhancement. This agrees with the observation that the fluorescence signal
of brilliant green is much more enhanced when it is adsorbed to the core-shell-shell nanoparticle surface
compared to the colloidal gold nanoparticle surface.
The excited-state dynamics of rhodamine 110 in water and rhodamine 110 adsorbed on the coreshell-shell nanoparticle surface are shown in Figure 5.8, a-b, respectively. A negative band centered at
500 nm is attributed to electronic ground-state depletion. Two positive bands are observed on both sides
of the depletion peak and are attributed to absorption of the excited-state. Figure 5.8 (c) shows the
transient absorption time-profiles of rhodamine 110 in water and at the core-shell-shell nanoparticle
surface measured at 500 nm. Rhodamine 110 has excited-state dynamics that are longer-lived than our
experimental pump-probe time delay range. Therefore, no relaxation decays are observed for rhodamine
110 in water. However, when rhodamine is adsorbed at the colloidal core-shell-shell surface, much faster
excited-state relaxation dynamics are observed. The time-profile can be fit with a sum of two exponential
functions with a first lifetime that is longer than 10 ns and a second lifetime of 30 ± 6 ps. The shorter
lifetime is due to energy transfer from rhodamine to the plasmon, which can explain the quenched
fluorescence of rhodamine at the core-shell-shell nanoparticle surface. The first lifetime is attributed to
free rhodamine 110 in water. As shown in Appendix 4, for rhodamine adsorbed on the surface of colloidal
gold nanoparticles, the shorter lifetime becomes 60 ± 8 ps. The fluorescence of rhodamine is more
quenched when it is adsorbed on the surface of the core-shell-shell than the gold nanoparticles as a greater
overlap between the molecular energy transition and the broad plasmon band allows for more efficient
energy transfer from the excited molecular state to the plasmon.
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Figure 5.8. Transient absorption spectra of 7 μM rhodamine 110 (a) in water and (b) adsorbed on the
surface of 106 ± 7 nm colloidal core-shell-shell nanoparticles at a concentration of 1.6 × 109
nanoparticles/mL at different time delays using 400 nm pump pulse excitation wavelength. (c) Transient
absorption time profiles of rhodamine 110 (red dots) in water and (green dots) adsorbed on the surface of
core-shell-shell nanoparticles measured at 500 nm.
Femtosecond transient absorption is used to investigate the ultrafast dynamics of brilliant green
adsorbed to the colloidal core-shell-shell nanoparticle surface using 470 nm excitation pulses, which are
on resonance with the peak due to the exciton-plasmon resonance coupling shown in Figure 5.5 (b).
Figure 5.9 (a) shows representative transient absorption spectra of brilliant green adsorbed on the
colloidal core-shell-shell surface using 470 nm excitation pulses. A sharp negative band is observed at
470 nm due to the depletion of exciton-plasmon polaritons. Two positive band are observed before 450
nm and after 490 nm and are attributed to excited-state absorption. Representative transient absorption
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time-profiles measured at 470 nm and 510 nm are shown in Figure 5.9 (b). From the global analysis
shown in Figure 5.9 (c), two lifetimes of 377 ± 15 fs and 187 ± 13 fs are needed to accurately describe
these excited-state relaxation dynamics. These lifetimes describe to the excited-state relaxation dynamics
of exciton-plasmon polaritons.

Figure 5.9. (a) Transient absorption spectra of 8 μM brilliant green adsorbed on the surface of 105 ± 7 nm
colloidal core-shell-shell nanoparticles at a concentration of 1.6 × 109 nanoparticles/mL at different time
delays using 470 nm pump pulse excitation wavelength. (b) Transient absorption time profiles of brilliant
green adsorbed on the surface of core-shell-shell nanoparticles measured at 470 and 510 nm. (c) Decay
spectra obtained using a sum of exponential fits for the time-dependent transient absorption spectra of
brilliant green adsorbed on the surface of core-shell-shell nanoparticles.
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5.4 Conclusion
SHG is used to investigate the adsorption isotherms of malachite green, brilliant green, methyl
green, and rhodamine 110 on the surface of 105 nm colloidal gold-silver-gold core-shell-shell
nanoparticles. The adsorption isotherms are fit using a modified Langmuir model to determine the free
energies of adsorption and the adsorption site densities. These results are compared to the adsorption
properties at the surface of 85 nm gold nanoparticles. Overall, the free adsorption energies of the
molecular dyes are lower at the core-shell-shell surface than the gold nanoparticle surface, while the site
densities are higher for core-shell-shell. Complementary measurements from extinction spectroscopy
show remarkably enhanced plasmonic and molecular resoanance coupling leading to the formation of
new polaritonic states and Fano-type profiles. Additionally, the fluorescence of the malachite green,
brilliant green, and methyl green is significantly enhanced at the core-shell-shell surface, while the
fluorescence of rhodamine is significantly quenched. These results can be explained from the optical field
enhancements, molecular confinement, torsional hindrance, energy transfer between the core-shell-shell
nanoparticles and the adsorbates observed with the transient absorption measurements. Finally, transient
absorption is used to investigate the excited-state relaxation dynamics of exciton-plasmon polaritons
generated at the surface of the colloidal core-shell-shell nanoparticles. These gold-silver-gold core-shellshell nanoparticles can be very beneficial for various biloigcal applications such as photothermal drug
delivery, biosensing, and labeling.
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CHAPTER 6 – EXCITED-STATE DYNAMICS OF SIZE-DEPENDENT COLLOIDAL TiO2-Au
NANOCOMPOSITES

6.1 Introduction
Gold nanoparticles have been widely studied due to their various potential applications in
sensing, photovoltaics, catalysis, imaging, and photothermal therapy. 1-10 The size- and shape-dependent
localized surface plasmon resonances from coherent oscillations of free electrons 11-13 can lead to large
optical field enhancements. Ultrafast pump-probe spectroscopy has been used to investigate the excitedstate relaxation dynamics of gold nanoparticles, which can be characterized by different spectral regions
that correspond to different relaxation processes. 14-17 A higher-energy, excited-state absorption spectral
region near 480 nm is attributed to the interband excitation of electrons from the gold d band to the sp
band above the Fermi level, with excited-state dynamics specified by the electronic interband transition
lifetime. A lower-energy depletion spectrum near 550 nm corresponds to the plasmon resonance region
with relaxation dynamics described by electron-phonon and phonon-phonon scattering lifetimes. The
electron-phonon scattering lifetime is observed to increase as the pump pulse intensity is increased due to
heating of the electron gas.11, 16, 18 At even spectral lower energies, excited-state absorption centered near
600 nm is attributed to nonequilibrium “hot” electron distributions, with lifetimes that are also governed
by the plasmon dynamics.19
Semiconductor-metal nanocomposites are of great interest for plasmon-induced photocatalytic
applications such as the production of hydrogen, 20-22 the reduction of thiocyanate,23 and the oxidation of
carbon monoxide.24 The oxidation of CO to CO2 at the surface of semiconductor-supported gold
nanoclusters depends on the nanocluster size as well as the size and material of the semiconductor. 25, 26
Several studies reported ultrafast electron transfer into the conduction band of TiO 2 nanocrystals after an
excitation on resonance with the plasmon band. 27 - 29 Excitation above the Fermi level permits excited
electrons to cross the Schottky barrier leading to electron transfer from gold to TiO 2.30 Excitation above
the TiO2 band gap in colloidal suspensions of gold nanoclusters adsorbed to TiO 2 nanoparticles in
75

ethanol-toluene causes electron transfer from TiO2 to gold for photocatalytic reduction reactions and sizedependent Fermi level shifts with larger shifts for smaller nanocluster sizes. 31, 32 An opposite sizedependent trend is observed for gold-TiO2 nanocomposites in water, where a more negative Fermi energy
shift occurs for larger gold nanocluster sizes.33 Understanding the relationship between the
semiconductor-metal nanocomposite size and morphology with the resulting excited-state dynamics is
critical for the development, control, and optimization of the nanomaterial catalytic properties. 34
In this chapter, we report investigations on the ultrafast excited-state dynamics of size-dependent
colloidal gold nanoclusters at the surface of 10 nm TiO 2 nanoparticles. The electron-phonon and phononphonon scattering lifetimes are found to be constant for the different nanocluster sizes. The decay of the
induced excitation band centered at 480 nm is characterized by two lifetimes corresponding to excitedstate electrons from the gold interband transition and size-dependent electron transfer between the gold
nanoclusters and the TiO2 nanoparticle. In addition, size-dependent periodic oscillations are observed at
the plasmon depletion band and are attributed to coherent acoustic phonons of the gold nanoclusters.
6.2 Experimental Section
6.2.1 Synthesis and Characterization of TiO2-Au Nanocomposites
The TiO2-Au nanocomposites are prepared by hydrolysis of titanium (IV) tetraisopropoxide
(Ti[OCH(CH3)2]4) (TTIP) followed by the reduction of gold chloride (HAuCl4) at the TiO2 nanoparticle
surface.34 All chemicals are purchased from Sigma-Aldrich and are used without further purification in
ultrapure water. Briefly, the TiO2 colloidal suspension is produced by acidifying 200 mL of water with
perchloric acid (HClO4) to a final pH of 1.5 under vigorous stirring followed by the dropwise addition of
3.0 mL of 0.35 M TTIP in ethanol (EtOH). The reaction flask is then covered with parafilm and stirred
vigorously for 20 minutes. Three different suspensions of gold-capped TiO2 nanocomposites are prepared
by adding 4 mL of the TiO2 colloid suspension to 0.7 mL, 1.4 mL, and 2.0 mL, respectively, of 30 mM
gold chloride solution, with the total volume of the solution subsequently adjusted to 100 mL by adding
ultrapure water. The relative concentrations of HAuCl4 are varied in these solutions to achieve molar
concentration ratios [TiO2]:[Au] of 1:1, 1:2, and 1:3, respectively. Finally, 5 mL of a 1 mM solution of
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the reducing agent, sodium borohydride (NaBH4) in water, is added dropwise under vigorous stirring over
approximately 20 minutes to each solution until a deep red color change is observed.
Transmission electron microscopy (TEM) images and the corresponding extinction spectra of the
different TiO2-Au nanocomposite samples are shown in Figure 6.1. The size distributions of the
nanoparticles are obtained after surveying more than 100 nanoparticles for each sample. Additional TEM
images of the nanoparticles are shown in Appendix 5. All nanoparticles and nanocomposites are observed
to be very spherical in shape. The average diameter of the TiO 2 nanoparticles is measured to be 9.9 ± 0.4
nm. The average diameters of the 1:1, 1:2, and 1:3 [TiO 2]:[Au] nanocomposites are measured to be 19.1 ±
0.4 nm, 21.9 ± 0.3 nm, and 24.3 ± 0.4 nm, respectively. Although the spatial resolution of the electron
microscopy used in this study is insufficient to clearly resolve individual gold nanoclusters on the TiO 2
nanoparticle surface, the average gold nanocluster sizes can be estimated from the increases of the
nanoparticle sizes by the TEM measurements, following previous comparative investigations. 34 Using this
approach, the sizes of the gold nanoclusters are estimated to be 4.6 ± 0.3 nm, 6.0 ± 0.3 nm, and 7.2 ± 0.3
nm for the 1:1, 1:2, and 1:3 [Au]:[TiO2] nanocomposite samples, respectively.
6.2.2 Transient Absorption Setup
The transient absorption setup consists of an amplified titanium:sapphire laser system, an optical
parametric amplifier (OPA), an optical setup, and a fiber optic spectrometer with a charge-coupled device
detector.18 The laser produces 0.7 mJ, 75 fs pulses centered at 800 nm with a repetition rate of 10 kHz. A
90/10 beamsplitter is used to separate the pump and probe beams. The pump beam is passed through an
OPA to generate 400 nm, 5 μJ pump pulses at a 10 kHz repetition rate. The probe beam is focused into a
fused quartz flow cell containing water to generate the femtosecond white light probe pulses that are
refocused to a spatial overlap with the pump pulse at the sample, which is contained in a 3 mm fused
quartz cell under constant stirring. The pump-probe temporal delay is controlled using a retroreflector on
a computer-controlled translation stage. A computer-controlled beam block opens and shuts on the pump
pulse in synchronization with an automated file saving program, and sixty spectra at 1 second acquisitions
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are taken for each time step. Several time-resolved transient absorption spectral scans are taken for each
sample for statistical analysis.

Figure 6.1. Transmission electron microscopy images of (a) 1:1, (b) 1:2, (c) 1:3 TiO 2-Au nanocomposites
and (d) precursor TiO2 nanoparticles. (e) Extinction spectra of colloidal TiO2 nanoparticles (black) and
TiO2-Au nanocomposites with 1:1 (red), 1:2 (blue), and 1:3 (green) [TiO 2]:[Au] ratios, respectively.
6.3 Results and Discussion
Pump-probe transient absorption spectroscopy is used to investigate the excited-state dynamics of
the colloidal TiO2-Au nanocomposites. Figure 6.2 shows the transient absoprtion spectra of the colloidal
samples at different pump-probe time delays using 400 nm excitation pulses for the (a) 1:1, (b) 1:2, and
(c) 1:3 [TiO2]:[Au] ratios, respectively. As in the case of free colloidal gold nanoparticles, the transient
absorption spectra are described by a positive excited-state absorption band centered near 480 nm
followed by a negative depletion band centered near 550 nm.14, 15 The positive band centered near 480 nm
is consistent with the well-established interband transition region in the gold nanoclusters. The negative
depletion band centered near 550 nm is consistent with the depletion of plasmon electrons. 14, 15 By careful
analysis of the transient absorption data, information on the optical and electronic intertactions between
the gold nanoclusters and the TiO2 nanoparticle surface can be obtained.
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Figure 6.2. Transient absorption spectra of colloidal TiO 2-Au nanocomposites at different time delays
using 400 nm excitation pulses with (a) 1:1, (b) 1:2, and (c) 1:3 [TiO2]:[Au] ratios, respectively.
Figure 6.3 shows the time-dependent transient absorption profiles of the colloidal TiO 2-Au
nanocomposites with (a) 1:1, (b) 1:2, and (c) 1:3 [TiO 2]:[Au] ratios, respectively, at probe wavelengths of
480 nm (blue data points) and 550 nm (red data points). The time-dependent transient absorption profiles
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Figure 6.3. Transient absorption time profiles of colloidal TiO 2-Au nanocomposites at 480 nm and 550
nm with (a) 1:1, (b) 1:2, and (c) 1:3 [TiO2]:[Au] ratios, respectively.
measured at 550 nm are fit with a biexponential function to determine the excited-state lifetimes due to
electron-phonon scattering and phonon-phonon scattering.14, 15 The electron-phonon scattering lifetimes
are 3.0 ± 0.3 ps, 3.3 ± 0.5 ps, and 3.2 ± 0.2 ps for the 1:1, 1:2, and 1:3 [TiO 2]:[Au] ratio, respectively. The
phonon-phonon scattering lifetimes are 49 ± 6 ps, 53 ± 8 ps, and 55 ± 8 ps for the 1:1, 1:2, and 1:3
[TiO2]:[Au] ratio, respectively. The lifetimes corresponding to the electron-phonon and phonon-phonon
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scaterring are similar for the three samples to within experimental uncertainty. These results agree with
previous work that showed the electron-phonon scattering lifetime is generally independent of the size
and shape of the gold nanoparticles.17, 35, 36 The size-dependent superimposed oscillations are due to
acoustic phonons and will be discussed later. Previous measurements on 54 nm gold nanospheres
obtained electron-phonon and phonon-phonon scattering lifetimes of approximately 3 ps and 100 ps,
respectively.18 The electron-phonon scattering lifetimes from the TiO2-Au nanocomposites agree with
previous measurements in gold nanoparticles. However, the phonon-phonon scattering lifetimes from the
TiO2-Au nanocomposites are considerably faster than the corresponding lifetime in gold nanoparticles.
The phonon-phonon scattering lifetime is known to depend on the surrounding medium of the gold
nanoclusters caused by differences in the rate of heat transfer.37, 38 The faster phonon-phonon scattering
lifetimes of TiO2-Au nanocomposites compared to gold nanoparticles can be explained due to the much
higher thermal conductivity of TiO2 compared to water, leading to faster heat transfer, although additional
factors such as the surface to volume ratio, the relative TiO 2 to water surface coverage, the precise
chemical stucture of the interface, and the resulting molecular and material dynamics should also
influence these results.
The transient absorption time profiles measured at 480 nm are fit with biexponential functions
with corresponding lifetimes attributed to the excited-state decay of electrons in the gold interband
transition with an additional lifetime attributed to electron transfer between the gold nanoclusters and the
TiO2 conduction band. The lifetimes associated with the interband transition in gold are measured to 7.9 ±
0.3 ps, 8.2 ± 0.2 ps, and 8.5 ± 0.3 ps for the 1:1, 1:2, and 1:3 [TiO 2]:[Au] ratios, respectively. These
lifetimes are the same to within the experimental uncertainty. The lifetimes associated with the
electron transfer between the gold and TiO2 nanomaterials are determined to be 33.1 ± 0.4 ps, 7.5 ± 0.1
ps, and 4.2 ± 0.1 ps for the 1:1, 1:2, and 1:3 [TiO2]:[Au] ratios, respectively. These lifetimes become
faster as the gold nanocluster size increases. The net electron transfer from the gold to the TiO 2
conduction band at the metal-semiconductor junction occurs upon photoexcitation at time zero on the
time scale of the electron-electron scattering, which occurs faster than the current experimental temporal
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resolution. As the pump-probe time increases, back electron transfer from the TiO 2 to the gold
nanoclusters occurs, corresponding to an eventual relaxation back to the global ground state. Larger gold
nanoclusters have a larger density of states near the Fermi level leading to a faster electron-hole
recombination rate and a shorter electron transfer lifetime. 39
The Figure 6.4 shows the decay spectra obtained using the global analysis technique40, 41 for a
more detailed analysis of the transient absorption spectroscopy of the colloidal (a) 1:1, (b) 1:2, and (c) 1:3
[TiO2]:[Au] nanocomposites, respectively. The transient absorption time-profiles are fit using four
𝑡

exponential functions and an offset, given by 𝐼(𝑡) = 𝑦0 + 𝐴𝑖𝑏 𝑒
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where 𝐼(𝑡) is the time-dependent transient absorption intensity at a given wavelength, 𝑦0 is a

constant offset, and 𝐴𝑖𝑏 , 𝐴𝑒𝑡 , 𝐴𝑒𝑝 , and 𝐴𝑝𝑝 are the wavelength-dependent amplitudes of the excited-state
decays of the interband transition, the electron-transfer, the electron-phonon scattering, and phononphonon scattering, respectively, with the corresponding lifetimes, 𝜏𝑖𝑏 , 𝜏𝑒𝑡 , 𝜏𝑒𝑝 , and 𝜏𝑝𝑝 that describe these
dynamics. The electron-phonon scattering lifetimes obtained from the global analysis fit for the 1:1, 1:2,
and 1:3 [TiO2]:[Au] nanocomposites are 3.0 ± 0.3 ps, 3.3 ± 0.5 ps, and 3.2 ± 0.2 ps, respectively.
Additionally, the phonon-phonon scattering lifetimes are 49 ± 6 ps, 53 ± 8 ps, and 55 ± 8 ps, for the 1:1,
1:2, and 1:3 [TiO2]:[Au] nanocomposites, respectively. The interband transition lifetimes are 7.9 ± 0.3 ps,
8.2 ± 0.2 ps, and 8.5 ± 0.3 ps, respectively, and the electron transfer lifetimes are 33.1 ± 0.4 ps, 7.5 ± 0.1
ps, and 4.2 ± 0.1 ps, respectively for the 1:1, 1:2, and 1:3 [TiO2]:[Au] nanocomposites. These values are
all in agreement with the results from the transient absorption time profiles.
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Figure 6.4. Decay spectra obtained using a sum of exponential fits for global analysis of the transient
absorption results from (a) 1:1, (b) 1:2, and (c) 1:3 [TiO2]:[Au] nanocomposites, respectively.
The global analysis decay spectra associated with each dynamic process provides important
spectral characterizations of the TiO2-Au nanomaterial. The interband transition decay spectrum is
centered near 480 nm, followed by the electron transfer decay spectrum centered near 485 nm. These
decay spectra approach zero amplitude, to within the experimental uncertainty, for wavelengths greater
than 520 nm. The electron-phonon scattering and phonon-phonon scattering decay spectra are both
centered near 550 nm. The amplitudes of these electron-phonon and phonon-phonon decay spectra
approach zero to within experimental uncertainty at wavelengths below 500 nm. This separation in the
decay spectra allows the 480 nm and 550 nm time profiles to be accurately treated using separate
biexponential fits with different lifetimes. The interband transition decay spectra obtained from global
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analysis are positive in amplitude while the electron transfer decay spectra are negative. This indicates
that the electron transfer causes a net depletion from the electronic population of the sp band associated
with the interband transition. A positive excited-state absorption band at wavelengths longer than 600 nm,
attributed to thermally-excited plasmon electron distributions, is observed for the 1:2 and 1:3 sample.
However, this positive band is not observed for the 1:1 sample. This agrees with previous measurements
that observe more prominant hot electron excited-state absorption in this spectral region for larger
nanoparticle sizes.15
Figure 6.5 shows the time-dependent differences between the experimental measurements and the
biexponential best fits for the TiO2-Au nanocomposites with (a) 1:1, (b) 1:2, and (c) 1:3 [TiO 2]:[Au]
ratios. The resulting oscillations are attributed to acoustic phonons that persist longer than 50 ps, which is
concurrent with previous reported results on the acoustic lattice vibrations in gold nanoparticles and
provide additional information on the gold nanoclusters.18,42,43 The residual oscillations of the phonons
𝑡
𝜏𝑑

that are fit using a sine function given by 𝐼(𝑡) = 𝑦0 + 𝐴𝑒𝑥𝑝 (− ) sin(2𝜋𝑓𝑡 + 𝜑), where 𝑓, 𝜑, and
τd are the frequency, phase shift, and phonon damping time, respectively. The phonon frequencies
obtained from the best fits are 0.35 ± 0.02 ps-1, 0.26 ± 0.02 ps-1, 0.22 ± 0.01 ps-1 for the 1:1, 1:2, and 1:3
samples, respectively. The corresponding phonon damping times are 108 ± 7 ps, 106 ± 8 ps, and 110 ± 7
ps for the 1:1, 1:2, and 1:3 samples, respectively.
The acoustic phonon oscillation frequencies can be compared to different size-dependent models
for additional characterization of the gold nanocluster morphologies. Three different TiO 2-Au
nanocomposite architectures are considered which are described by gold nanospheres tangentially
adsorbed to the TiO2 surface, gold nanorods adsorbed to the TiO2 surface, and TiO2-Au core-shell
nanoparticles. These acoustic phonon models and the results of the corresponding calculated sizes are
discussed in more detail in the Appendix 5. The sizes calculated using the gold nanosphere model are
found to be approximately two times larger than the sizes obtained by the corresponding TEM
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measurements, indicating that the nanocluster morphologies are not perfect spheres tangentially adsorbed
to the surface, but may be more accurately described as hemispherical in shape, especially at lower gold

Figure 6.5. Residual signals from the transient absorption time profiles measured at 550 nm after
subtracting the biexponential best fits, showing the phonon oscillations for the different TiO 2-Au
nanocomposites samples with (a) 1:1, (b) 1:2, and (c) 1:3 [TiO 2]:[Au] ratios, respectively, along with the
corresponding fits.
concentrations. The acoustic phonon oscillation frequencies do not agree with expected values from either
nanorod morphologies or fully-formed gold shells. However, the frequencies may be consistent with an
inhomogeneous, porous gold shell structure composed of aggregated nanoclusters. Individual
hemispherical nanoclusters may form at lower gold concentrations, and then the nanoclusters may
interconnect with neighboring nanoclusters to form extended porous shells at higher gold concentrations.
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Overall, more work is still needed to accurately determine the nanocluster morphologies and size
distributions.
The damping times of the acoustic are known to depend on factors such as energy transfer to the
surrounding environment, acoustic phonon coupling to other phonon modes in the nanoparticle, and
dephasing of the phonon frequencies due to polydispersity of the sample. 43 When the damping is
dominated by either polydispersity dephasing or energy transfer to a homogenous surrounding medium,
the damping time 𝜏𝑑 is expected to be proportional to the nanoparticle radius.43,44 However, these
descriptions may breakdown under the size and morphology distributions considered in the TiO2-Au
nanocomposites studied here. The phonon damping times of the gold nanoculsters adsorbed at the surface
of TiO2 nanoparticles are measured to be constant for the different nanocomposite sizes, to within
experimental uncertainty, indicating that phonon damping is not controlled by either polydispersity
dephasing or a simple energy transfer process. Since the gold nanoclusters have surface contact with both
TiO2 and water, and may form aggregated contact with neighboring nanoclusters in a porous shell
architecture, the effect of a heterogenous surrounding could result in deviations from an ideal model.
6.4 Conclusion
The ultrafast excited-state dynamics of size-dependent gold nanoclusters reduced on the surface
of TiO2 nanoparticles are investigated using transient absorption spectroscopy. The average sizes of the
gold nanoclusters are estimated using high-resolution transmission electron microscopy for different
molar concentration ratios of TiO2 to Au. The transient absorption time profiles measured at the peak of
the plasmon depletion band are fit to biexponential functions to obtain the lifetimes of the electronphonon and phonon-phonon scattering processes. These plasmonic dynamics are shown to be independent
of the size of the gold nanoclusters adsorbed to the colloidal TiO 2 nanoparticle surface. The relaxation
dynamics of the excited-state absorption band centered at 480 nm are fit with different biexponential
functions to determine the lifetimes associated with the electronic interband tranition in gold and the
electron transfer between the gold and TiO2 nanomaterials. While the interband transition lifetime is
observed to remain constant under changing nanocluster size, the electron transfer lifetimes are shown to
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decrease significantly as the adsorbed gold nanocluster sizes increase due to increased density of states
near the Fermi level of the gold nanoclusters. Additionally, size-dependent oscillations of the gold
nanoclusters are observed and are attributed to acoustic phonon breathing modes with frequencies that
decrease and damping times that remain constant as the nanocluster sizes increase. These findings provide
important information that can be useful for improving catalytic efficiencies in plasmonic TiO 2-Au
nanocomposites.
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CHAPTER 7 – ANOMALOUS SIZE-DEPENDENT EXCITED-STATE RELAXATION
DYNAMICS OF NANOGUMBOS*

7.1 Introduction
Frozen ionic liquids1-3 with melting points ranging from 25 °C to 100 °C, and related organic salts
with melting points up to 250 °C, have a wide range of chemical and material variability for controlled
properties and are categorized using the term, group of uniform materials based on organic salts
(GUMBOS).4 Colloidal nanoparticles prepared from GUMBOS are known as nanoGUMBOS and are
particularly interesting due to their optical and electronic properties, as well as their facile syntheses and
highly diverse chemical functionalities. In this regard, nanoGUMBOS have been shown to be promising
candidates for an extended list of potential applications including biomedical imaging, 5 antibiotics,6,7 cancer
therapy,8 molecular sensing,9-11 organic light-emitting diodes,12,13 and photovoltaics.14
NanoGUMBOS provide exciting new opportunities for potential advances in optoelectronic
applications due to their multifaceted photodynamic properties. In order to develop nanoGUMBOS for
improved optoelectronic technologies, a more complete understanding of the fundamental mechanisms
involving photoexcitation and excited-state relaxation dynamics of these nanomaterials is required.
Processes such as intermolecular energy transfer, charge transfer, vibrational and phonon assisted
relaxation, singlet to triplet state transitions, fluorescence, and hindered molecular conformational
motions15-18 are all expected to play an important role in the overall photophysics of nanoGUMBOS. The
excited-state relaxation dynamics of molecules and nanostructures can be selectively probed using transient
absorption spectroscopy, where the change in absorption is measured due to a pump pulse photoexcitation
as a function of the pump-probe time delay with sub-picosecond resolution. Literature on recent transient
absorption research has revealed studies of ionic liquid based systems, 19,20 single-walled carbon
nanotubes,21 electron- and hole-doped cuprates,22 and dye-sensitized TiO2.23,24 In addition, short-lived
“Reprinted with permission from [Karam, T. E.; Siraj, N.; Warner, I. M.; Haber, L. H. J. Phys. Chem. C
2015, 119, 28206−28213]. Copyright [2015] American Chemical Society.”
*
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quasiparticle dynamics of polaritonic states,25 excitons,26,27 and phonons28 have been recently investigated
using transient absorption measurements.
It is well established that ruthenium bipyridine and its derivatives are important as efficient
sensitizers for dye-sensitized solar cells (DSSCs) because these molecules can bind to titanium dioxide
surfaces and inject electrons into this high-band gap semiconductor upon photoexcitation for light
harvesting and inexpensive, clean energy generation.29–31 Time-resolved optical spectroscopy has been used
to investigate the charge injection from ruthenium bipyridine derivatives into TiO 2 substrates.32-34
Alternative DSSC technology utilizes recent advances in solid-state Perovskite CH3NH3PbI3-sensitized
solar cells35,36 which show improved solar energy efficiencies since these designs avoid depletion in the
electrical current due to losses at the nanostructured semiconductor interface. Another promising strategy
for improved photovoltaic efficiencies relies on hot-carrier extraction, where photon energies above the
band gap can be converted to electricity before the excited states of the electrons and holes are lost to
heat.37,38 This approach is proposed to improve light-to-electricity efficiency limits and possibly surpass the
Shockley-Quiesser limit,39 although additional research is needed to study these new optoelectronic
materials with long-lived phonon states for hot-carrier extraction photovoltaic implementation.
In this chapter, we investigate the excited-state relaxation dynamics of size-selected ruthenium(II)tris-(2,2’-bipyridine)-bis(pentafluoroethylsulfonyl)imide ([Ru(bipy)3][BETI]2) nanoGUMBOS in aqueous
media using pump-probe time-resolved transient absorption spectroscopy. The results of these studies are
compared to corresponding measurements of Ru(bipy)3Cl2 dissolved in water, and show spectral shifts and
size-dependent relaxation dynamics for nanoGUMBOS with diameters varying from 20 nm to 100 nm. The
excited-state dynamics of these nanoGUMBOS are similar to those of the parent compound at high pump
pulse energies. Furthermore, the excited-state lifetimes increase with increasing size of these
nanoGUMBOS. An additional and much faster relaxation pathway is measured and is attributed to
intermolecular energy transfer (IMET), which increases with increasing nanoparticle size. An anomalous
behavior of large, size-dependent phonon oscillations is also observed and persists during the entire
relaxation dynamics timescales, suggesting very low coupling between the electronic and phonon states.
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Thus, these colloidal [Ru(bipy)3][BETI]2 nanoGUMBOS display fascinating photodynamic properties,
which make them potential candidates for highly efficient dye-sensitized solar cells and other optoelectronic
devices, including hot-carrier extraction photovoltaics.
7.2 Experimental Section
7.2.1 NanoGUMBOS Synthesis
Tris (2,2’-bipyridyl)dichlororuthenium (II) hexahydrate (Ru(bipy)3Cl2.6H2O) and lithium bis
(pentafluoroethylsulfonyl)imide (LiBETI) are purchased from Sigma Aldrich and are used as received,
while methanol (MeOH) is purchased from OmniSolv. Triply deionized water (18.2 MΩ. cm) is obtained
by use of an Elga model PURELAB ultra water-filtration system and is used for all ion exchange reactions
and nanoGUMBOS preparation. An anion exchange reaction is performed using 0.13 mol of Ru(bipy) 3Cl2
and 0.27 mol of LiBETI dissolved separately in equal volumes of water. These solutions are mixed and
stirred for a few hours, followed by ultrafast centrifugation at 3800 rpm to separate the [Ru(bipy) 3][BETI]2
orange precipitate. The product precipitate is washed several times with fresh deionized distilled water to
remove the lithium chloride byproduct. The product is then freeze-dried overnight to remove trace water,
providing an overall product yield of approximately 99%.
The size-selected colloidal [Ru(bipy)3][BETI]2 nanoparticle samples in aqueous suspension are
prepared using an additive reprecipitation method 5,1240,41 by adding 1.05 mL of 2 mM [Ru(bipy)3][BETI]2
in methanol to a vial containing 30 mL of deionized distilled water in an ice bath, followed by 5 min of
sonication. A variable power ultrasonic processor (model VCX 750, Sonics and Materials Inc.) with a 6.5
mm tapered microtip is used for preparation of 23 nm ± 5 nm and 56 nm ± 13 nm nanoGUMBOS under
40% (25 W) and 25% (13 W) power, respectively. Another ultrasonic processor (model 08849-00 cleaner,
Cole-Parmer Instrument Company) is used to prepare 97 nm ± 19 nm nanoGUMBOS. The crystal structure
of the [Ru(bipy)3][BETI]2 nanoGUMBOS is shown in Figure 7.1 and is determined to be monoclinic with
a C2/c space group using X-ray crystallography. Such crystallinity differs from nanoGUMBOS studied to
date since most have been observed to be amorphous. Additional information on the synthesis and
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characterization of the nanoGUMBOS samples, including transmission electron microscopy,
thermogravimetric analysis, and extinction spectroscopy, is provided in the Appendix 6.

Figure 7.1. Crystal structure of [Ru(bipy)3][BETI]2 GUMBOS obtained from X-ray crystallography.
7.2.2 Transient Absorption Setup
The transient absorption spectroscopy setup consists of an ultrafast laser system, an optical setup,
and a fiber optic spectrometer detector.42 An amplified titanium:sapphire laser system produces 0.7 mJ, 75
fs pulses centered at 800 nm with a repetition rate of 10 kHz. The optical setup includes a beam splitter to
separate the pump and probe pulses and a retroreflector on a computer-controlled translation stage to control
the pump-probe temporal delay. Pump-probe transient absorption spectroscopy is used to measure the
ultrafast dynamics of the sample by monitoring a change in absorption (ΔA) due to the pump pulse at
different pump-probe time delays. The pump beam is used to generate the 400 nm pump pulse by frequency
doubling with a nonlinear beta barium borate crystal, followed by an optical filter to remove the
fundamental 800 nm light before focusing to the sample. The probe beam is focused into a fused quartz
flow cell containing water to generate the femtosecond white light probe pulses that are refocused to a
spatial overlap with the pump pulse at the sample, which is contained in a 3 mm fused quartz flow cell. The
linear polarizations of the pump and probe electric field vectors are aligned. Spectra are acquired from 400
nm to 1000 nm using the fiber optic spectrometer detector. A computer-controlled beam block opens and
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shuts on the pump pulse in synchronization with an automated file saving program, and several timeresolved spectral scans are taken for each sample for statistical analysis.
7.3 Results and Discussion
Pump-probe transient absorption measurements are first taken on a 0.4 mM solution of
Ru(bipy)3Cl2 in water in order to determine the excited-state relaxation dynamics of the Ru(bipy)32+ cation.
Figure 7.2 (a) shows transient absorption spectra of aqueous Ru(bipy)3Cl2 measured at different time delays
using 400 nm excitation with a pump pulse energy of 15 μJ. The band centered at 450 nm is due to ground
state depletion and the broad spectrum after 490 nm is attributed to excited-state absorption.43,44 An
isosbestic point between the two peaks is observed near 490 nm. The time-dependent transient absorption
profiles are shown in Figure 7.2 (b) at a probe wavelength of 450 nm with different pump pulse energies.
The magnitudes of the transient absorption signals increase with increasing pump pulse energies, and the
time profiles are normalized for comparison. Under lower pump pulse energies of 10 and 15 μJ, very slow
relaxation dynamics are observed which are consistent with the standard long-lived triplet metal to ligand
charge transfer (MLCT) state, with a lifetime of approximately 600 ns, 45 which is much longer than the
temporal range available in our optical setup. The standard ruthenium bipyridine excited-state dynamics
are characterized by electronic population of the singlet MLCT excited state upon excitation followed by
an ultrafast intersystem crossing to the long-lived triplet MLCT excited-state previously observed using
transient absorption43 and time-resolved fluorescence measurements.46-48 Under higher pump pulse powers,
significantly faster relaxation dynamics are observed. The time-dependent transient absorption profiles are
analyzed over the wavelength range of 410 nm to 550 nm using a global analysis technique 17,44 described
by a sum of exponentials to recover the lifetimes and corresponding spectra of the relaxation dynamics
under higher pump pulse energies. Representative decay spectra obtained from the global analysis of the
transient absorption time profiles of aqueous ruthenium bipyridine at pump pulse energy of 32 μJ are shown
in Figure 7.2 (c), with corresponding lifetimes of 8020 ± 76 ps and 3590 ± 56 ps. These two decay spectra
correspond to specific non-standard excited states that are accessed through multi-photon excitation, and
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Figure 7.2. (a) Transient absorption spectra of 0.4 mM aqueous Ru(bipy)3Cl2 at different times delays
using 400 nm excitation with an energy of 10 μJ/pulse. (b) Time profiles of the transient absorption
spectra of 0.4 mM aqueous Ru(bipy)3Cl2 at 450 nm using different pump pulse energies. The spectra are
normalized for clarity. (c) Representative decay spectra obtained using a sum of exponential fits of timedependent transient absorption spectra of aqueous ruthenium bipyridine at pump pulse energy of 32 μJ.
can be tentatively assigned as a non-standard MLCT state and a non-standard metal centered (MC) state,
respectively, due to their spectral features. The longer-lived state resembles the standard MLCT
spectrum.43,47 Triplet MC states are known to decay through intramolecular vibrational relaxation,49-52
which is consistent with the shorter-lived decay spectrum.
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Transient absorption spectroscopy measurements on the [Ru(bipy) 3][BETI]2 nanoGUMBOS in
water show significantly different excited-state relaxation dynamics as compared to the Ru(bipy)3Cl2 in
water, and vary as a function of nanoparticle size. Additionally, time-dependent baseline shifts are observed
due to heating dynamics of the nanoGUMBOS. Figure 7.3 displays the shift of the transient absorption
baseline as a function of the pump-probe time delay for the three different [Ru(bipy)3][BETI]2
nanoGUMBOS sizes of 23 nm, 56 nm, and 97 nm using 400 nm excitation pulses at an energy of 10
μJ/pulse. The pump pulse causes the nanoparticles to heat, inducing a structural rearrangement in the crystal
lattice. This results in a baseline shift that grows in magnitude and then decreases back to zero as the
nanoparticle cools and returns to the original structure at longer time delays. The baseline shift is dependent
on the nanoparticle size, where smaller nanoparticles show a maximum shift at shorter times and more rapid
subsequent cooling as compared to the larger nanoparticles. Consequently, as expected, larger nanoparticles
have slower heating and cooling dynamics following the pump pulse initialization.

Figure 7.3. Shift in the baseline of the transient absorption spectra as a function of delay times for 23 ± 5
nm, 56 ± 13 nm, and 97 ± 19 nm [Ru(bipy)3][BETI]2 nanoGUMBOS using 400 nm pump pulse energy of
10 μJ.
Figure 7.4 shows the transient absorption spectra of 23, 56, and 97 nm [Ru(bipy) 3][BETI]2
nanoGUMBOS at different pump-probe time delays using a pump pulse energy of 10 μJ after subtracting
the baseline shift. A band centered at 420 nm is due to ground-state depletion, showing a spectral shift
compared to Ru(bipy)3Cl2 in water. The broad spectra from 440 nm to 500 nm is from excited-state
absorption, which is similar to Ru(bipy)3Cl2 in water. An isosbestic point is observed near 428 nm at
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different time intervals for the different nanoparticle sizes. Figure 7.5 displays representative time profiles
of the transient absorption spectra of (a) 23 ± 5 nm, (b) 56 ± 13 nm, and (c) 97 ± 19 nm [Ru(bipy) 3][BETI]2
nanoGUMBOS at probe wavelengths of 420, 430, and 445 nm. The spectra are normalized and offset for
clarity. These time profiles show that [Ru(bipy)3][BETI]2 nanoGUMBOS have more complicated
relaxation dynamics than corresponding Ru(bipy)3Cl2 in water, as characterized by wavelength-dependent
increases and decreases with superimposed periodic oscillations.

Figure 7.4. Transient absorption spectra of (a) 23 ± 5 nm, (b) 56 ± 13 nm, and (c) 97 ± 19 nm
[Ru(bipy)3][BETI]2 nanoGUMBOS at different pump-probe time delays using a 400 nm pump pulse
energy of 10 μJ and after correcting for the baseline shift.
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Figure 7.5. Time profiles of transient absorption spectra of (a) 23 ± 5 nm, (b) 56 ± 13 nm, and (c) 97 ± 19
nm [Ru(bipy)3][BETI]2 nanoGUMBOS. The time-dependent signals are integrated over 420 nm (red
line), 430 nm (blue line), and 445 nm (green line). The time profiles are normalized and offset for clarity.
The time-dependent transient absorption profiles of the different nanoGUMBOS samples are
analyzed over the wavelength range of 410 nm to 550 nm using a global analysis technique. Three lifetimes
are required to adequately describe the relaxation dynamics of the nanoGUMBOS. Two of the resulting
lifetimes have similar values as compared to the non-standard excited-state lifetimes from the Ru(bipy)32+
cation under higher pump pulse energies, while the third lifetime is drastically shorter. The resulting decay
spectra and corresponding lifetimes are plotted in Figure 7.6 for (a) 23 ± 5 nm, (b) 56 ± 13 nm, and (c) 97
± 19 nm [Ru(bipy)3][BETI]2 nanoGUMBOS. As shown in Figure 7.6 (a) for 23 nm particles, the spectrally99

resolved time profiles are described by a convolution of three processes with lifetimes of 8364 ± 65 ps,
3702 ± 41 ps, and 431.5 ± 76 ps. In the case of 56 nm particles, shown in Figure 7.6 (b), the three processes
have corresponding lifetimes of 8775 ± 136 ps, 4104 ± 55 ps, and 761 ± 22 ps. The spectrally-resolved
time profiles for 97 nm particles, shown in Figure 7.6 (c), have corresponding lifetimes of 9502 ± 74 ps,
4516 ± 72 ps, and 1135 ± 122 ps.

Figure 7.6. Decay spectra obtained using a sum of exponential fits of time-dependent transient absorption
spectra of (a) 23 ± 5 nm, (b) 56 ± 13 nm, and (c) 97 ± 19 [Ru(bipy) 3][BETI]2 nanoGUMBOS.
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The time constants obtained from fits of the experimental data using sums of exponential functions
show that relaxation dynamics of these nanoGUMBOS are size dependent. The first two excited-state
lifetimes, 𝜏1 and 𝜏2 , are similar to the specific non-standard excited-states observed at higher pump pulse
energies in the parent compound. Both lifetimes are observed to be faster than corresponding values
obtained at higher pump pulse energies in the aqueous dye and increase as nanoGUMBOS size increases.
These results suggest that the decay lifetimes in these nanoGUMBOS are slightly altered due to molecular
confinement leading to increased lifetimes, with larger nanoparticles having larger confinement effects.
The third lifetime, 𝜏3 , is not observed in aqueous Ru(bipy)3Cl2 dynamics and is attributed to intermolecular
energy transfer (IMET) from excited-state dipole-dipole coupling between nearby Ru(bipy)32+ cations in
the nanoGUMBOS material. The shorter IMET lifetimes varies from 0.43 ns, 0.76 ns, and 1.14 ns for the
three increasing nanoGUMBOS sizes, which is consistent with the concept that larger nanoGUMBOS
volumes require longer times for intermolecular energy transfer to reach equilibrium in energy
redistribution. The IMET decay spectra suggest that this process includes a net population transfer from the
non-standard triplet MLCT state to the non-standard triplet MC state. Thus, the size-dependent excitedstate dynamics of these [Ru(bipy)3][BETI]2 nanoGUMBOS suggest a new capability for control and
optimization of optoelectronic photodynamics in applications such as dye-sensitized solar cells and other
optoelectronic devices.
Oscillations are observed to be superimposed on excited-state relaxation dynamics of
nanoGUMBOS and are attributed to coherent phonons. These oscillations are persistent through the entire
time profiles for all nanoparticle sizes, but, as expected, are not present in the aqueous Ru(bipy) 3Cl2
dynamics. The oscillations of phonons from residuals of time profiles are fit using an exponentially
decaying sine function given by 𝐼(𝑡) = 𝑦0 + 𝐴 exp(−𝑡/𝜏4 ) sin(2𝜋𝑓𝑡 + 𝜑), where 𝑓, 𝜑, and 𝜏4 are the
frequency, the phase shift, and phonon lifetime, respectively. Representative residual signal oscillations of
phonons and their corresponding fits are shown in the Appendix 6. The very low frequencies of the phonon
oscillations indicate that they are likely acoustic phonon modes associated with the crystal lattice. The
phonon oscillation periods are determined to be 334 ps ± 6 ps, 209 ps ± 5 ps, and 140 ps ± 4 ps for the 23
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nm, 56 nm, and 97 nm nanoGUMBOS, respectively. Similar long-lived phonon oscillations have been
previously investigated in molecular solids with frequencies on the order of a few GHz. 53,54 This sizedependent frequency trend is opposite to the case of phonons in metallic and semiconductor nanocrystals
where the acoustic phonon breathing mode oscillation frequencies decrease with increasing nanoparticle
size.55, 56 The increase of phonon frequencies of these nanoGUMBOS with increasing nanoparticle size is
attributed to effects from bulk and sheer viscosity.57,58 [Ru(bipy)3][BETI]2 nanoGUMBOS have crystalline
structures that are held together by much weaker forces compared to closely-packed metallic and
semiconductor materials and thus the interaction with the solvent is expected to play a much more
significant role. The size-dependent phonon frequencies can be described using a model based on the sizedependent force constant of the nanocrystals, 59,60 which indicates that the phonon frequency can increase
as the nanoparticle size increases when a strong surface stress between the nanomaterial at the solvent
causes a lattice contraction. Using estimates for the nanoGUMBOS in water including the compressibility,
the surface stress, and the size-dependent bond distances provides a theoretical description of the sizedependent phonon frequencies that agrees with our experimental measurements. More details about this
theoretical model are included in the Appendix 6.
The phonon lifetimes vary from 3.4 ns ± 0.4 ns, 4.1 ns ± 0.5 ns, and 5.2 ns ± 0.6 ns for the three
nanoGUMBOS sizes, respectively. These very long phonon lifetimes demonstrate that there is a very low
coupling between the acoustic phonon motion and other electronic or phonon degrees of freedom, leading
to a very slow phonon relaxation and dephasing rate. Additional work is needed to determine the different
possible phonon modes of the crystal structure which can couple to these coherent acoustic phonons. The
excited electronic states are understood to be first localized on the Ru(bipy) 32+ molecular ion, then energy
transfer occurs through dipole-dipole coupling. This contrasts with nanoparticles composed of
semiconductor materials, such as quantum dots, where excited conduction electrons and the corresponding
holes interact through electrostatic forces, and where increased phonon lifetimes are attributed to the
bottleneck effect.61-64 In quantum dots, the bottleneck effect describes conditions where the electron-phonon
scattering rates are suppressed due to quantum confinement. In the nanoGUMBOS studied here, a
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fundamentally different process leads to the long phonon lifetimes, where the excited electronic states of
the Ru(bipy)32+ molecular ion are largely decoupled from the phonon oscillations of the crystal lattice.
Additional work is needed to determine the mechanisms behind the phonon lifetimes, which may have
contributions from both damping and dephasing. Larger nanoGUMBOS may have longer phonon lifetimes,
suggesting that phonon damping and dephasing occurs faster at the nanoparticle surface due to interactions
with the solvent. Additionally, the IMET occurs much faster in nanoGUMBOS than corresponding excitedstate relaxation lifetimes of the dye molecule. The observed long-lived phonons and fast IMET suggest
these nanoGUMBOS as potential materials for hot carrier solar cells that may have significantly increased
efficiencies through extraction of extra photon energy above the band gap before dissipation into heat.
7.4 Conclusion
This investigation presents the first transient absorption studies of the ultrafast dynamics of
nanoGUMBOS. These [Ru(bipy)3][BETI]2 nanoGUMBOS are shown to have size dependent excited-state
relaxation dynamics, with two lifetimes that are similar to the non-standard excited-state lifetimes of the
ruthenium bipyridine cation in water under high pump pulse energies, and with an additional faster
relaxation pathway that is attributed to intermolecular energy transfer. The non-standard excited-state
lifetimes and the IMET dynamics increase as the nanoparticle diameters increase over the range of 20 nm
to 100 nm. In addition, long-lived phonon oscillations are observed with frequencies that increase as the
nanoparticle size is increased due to effects of bulk and sheer viscosity. The efficient photoexcitation,
controllable energy transfer, and excited-state relaxation dynamics suggest that these particles are
promising candidates for applications in optoelectronics and DSSC sensitizers with the possibility of
achieving higher solar energy conversions due to size-dependent photodynamics and long-lived phonon
states.
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CHAPTER 8 – EFFICIENT PHOTOINDUCED ENERGY TRANSFER IN PORPHYRIN-BASED
NANOGUMBOS

8.1 Introduction
Organic nanomaterials are of great interest due to their many potential applications including
photothermal cancer therapy,1,2 biosensing,3 and optoelectronics.4 Solid phase organic materials composed
of molecular ions are described as a group of uniform materials based on organic salts or GUMBOS.
These emerging class of organic materials provide a wide range of controllable chemical and physical
properties.5 Colloidal nanoparticles prepared from GUMBOS are given the term of nanoGUMBOS and
are promising nanomaterials due to their facile syntheses and their extended list of potential applications
such as biomedical imaging,6 antibiotics,7,8 cancer therapy,9 molecular sensing,10-12 organic light-emitting
diodes,13,14 and photovoltaics.15 A better understanding of the fundamental physical properties of these
nanomaterials is needed for the design of potential applications. Femtosecond transient absorption
provides a valuable spectroscopic technique to study excited-state relaxation dynamics of nanomaterials
by measuring the change in absorption due to photoexcitation by a pump pulse in resonance with the
electronic transition of the sample as a function of the pump-probe time delay.
M-porphyrin molecular dyes, with M = H or Zn, are particularly attractive due to their tunable
spectral and optical properties as well as their highly efficient electron transfer in a donor-acceptor
configuration. These photodynamic properties which makes them potential candidates for advances in dye
sensitized solar cells and optoelectronics.16-19 These porphyrin-based dyes can be used for the
development of artificial light-harvesting antennas that mimic photosynthesis by transferring the absorbed
photon energy to a reaction center.20 In addition, zinc porphyrin-sensitized solar cells with a cobalt(II/III)based redox electrolyte previously recorded an excellent conversion efficiency of 12.3%. 21 Several
porphyrin-based synthetic strategies have been utilized for photovoltaics including configurations based
on arrays,22,23 dimers,24 dendrimers,25 controlled aggregation,26 and supramolecular assemblies.27,28 These
synthetic designs must possess several essential properties required for the design of efficient light
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harvesting antennas such as strong absorbance in the visible region and enhanced electron transfer. 29,30
Porphyrin hexamers have also been reported for their near-infrared luminescence for organic light
emitting diodes.31 The wide interest in porphyrin-based materials is due to the fact that they possess
many reaction sites that can be functionalized providing tunability of their optical, physical, and
electrochemical properties for optimal energy conversion. 19 Another promising approach is the synthesis
of porphyrin C60 dyads as an electron donor configuration for applications in photovoltaics

32–35

and near-

infrared photodetectors.36
Efficient energy and electron transfer between Zn-porphyrin-based systems and various substrate
was previously investigated.25 Time-resolved terahertz spectroscopy was used to study the interfacial
electron transfer from Zn-porphyrin dyes into TiO2 nanoparticles after photoexcitation with 400 nm.18 It
was shown that the electron injection efficiency is dependent on the conductance of the linker employed.
The energy and electron transfer from Zn-porphyrin dimers into TiO2 films was observed using
femtosecond transient absorption after excitation in resonance with the Q bands.24 Time-resolved
fluorescence upconversion measurements were used to investigate the enhanced energy and electron
transfer from Zn-porphyrin aggregates to nanocrystalline semiconductor films when a coadsorbed
chenodeoxycholic acid is added.26 All these studies show the various strategies for the enhancement of
energy and electron transfer from Zn-porhpyrin and semiconductor substrates, which is advantageous for
advances in dye-sensitized solar cells.
In this chapter, we report the study of the excited-state relaxation dynamics of colloidal
[P66614]4[M-TCPP], with M = H and Zn, using pump-probe time-resolved transient absorption
spectroscopy using pump pulse excitation centered at 400 nm and white light continuum ultrafast probe
pulses. The transient absorption results obtained for the nanoGUMBOS are compared to corresponding
results acquired from aqueous solutions of the M–porphyrin molecular dyes. The M–porphyrin dyes have
long-lived excited-states on the order a several nanoseconds. In the corresponding nanoGUMBOS
samples, efficient electron transfer and energy transfer is observed between the porphyrin groups leading
to shorter excited-state lifetimes. In addition, the excited-state dynamics of [P66614]4[Zn-TCPP]
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nanoGUMBOS are faster than those of [P66614]4[H-TCPP] nanoGUMBOS due to increase of the
electronic delocalization caused by the metal center. The rate of electron transfer between Zn-TCPP
molecules in the [P66614]4[Zn-TCPP] nanoGUMBOS is significantly increased. This remarkable change
in the excited-state relaxation dynamics shows that these nanoGUMBOS present a simple synthetic
strategy for the design of efficient light harvesting antennas. In addition, the use of nanoparticles in this
type of solar cells is advantageous due to their large surface to volume ratio leading to higher expected
energy conversion efficiencies.
8.2 Experimental Section
8.2.1 NanoGUMBOS Synthesis
The GUMBOS are synthesized using a metathesis reaction carried out in a binary solvent
mixture. Briefly, meso-tetra(4-carboxyphenyl)porphyrin (TCPP) or Zn–TCPP is neutralized using an
excess of aqueous sodium hydroxide to obtain water soluble tetrasodium salt in 10% excess. The other
reactant [P66614][Cl] is dissolved in DCM. The two solutions are then mixed and stirred for 40 hours.
After the reaction is complete, the product is washed several times with water followed by the removal of
the DCM by rotary evaporation under reduced pressure. The residual water is removed by freeze drying
and the final yield of the [P66614]4[M-TCPP] GUMBOS product is approximately 96%. NanoGUMBOS
are synthesized via reprecipitation of the GUMBOS in water by adding 50 μL of a 1 mM GUMBOS stock
ethanolic solution into 5 mL of water under sonication for 30 minutes. The reaction scheme is shown in
Appendix 7. The reprecipitation of [P66614]4[M-TCPP] in water produces spherical nanoparticles with an
average sizes of 49 ± 25 nm for [P66614]4[H-TCPP] nanoGUMBOS and 52 ± 15 nm for [P66614]4[ZnTCPP] nanoGUMBOS. The absorbance and fluorescence spectra of aqueous M-TCPP molecular dyes as
well as the colloidal [P66614]4[M-TCPP] nanoGUMBOS are shown in Appendix 7. The absorbance and
luminescence bands of H-TCPP and Zn-TCPP are red-shifted in the nanoGUMBOS compared to the free
dye molecule in water due to the presence of four bulky hydrophobic cation, leading to the formation of
loosely packed aggregate.37 Representative TEM images of the nanoGUMBOS samples are also shown in
Appendix 7.
111

8.2.2 Transient Absorption Setup
Ultrafast transient absorption is a powerful technique for the investigation of excited-state
relaxation dynamics of molecules and nanomaterials. 38 Our home-built transient absorption setup consists
of an ultrafast laser system, an optical setup, and a fiber optic spectrometer detector. 38, 39 The laser pulses
are generated by a titanium:sapphire laser system that produces 75 fs pulses centered at 800 nm with a 10
kHz repetition rate and an average power of 0.7 mJ/pulse. The initial laser beam was separated into pump
and probe beams using a beam splitter. The 400 nm pump pulsed light is generated by frequency doubling
by focusing the beam into a nonlinear beta barium borate crystal. An optical filter is then used to remove
any 800 nm residual light yielding an excitation power of 0.16 μJ/pulse. The probe pulses are focused into
a fused quartz flow cell containing water to generate the femtosecond white light probe pulses. The pump
and probe beams are refocused to a spatial overlap in the sample which is contained in a 3 mm fused
quartz flow cell. The pump-probe optical delay is enabled by a computer-controlled delay stage. More
than 150 spectral scans are acquired for spectral analysis.
8.3 Results and Discussion
The excited-state dynamics of different samples of the M-TCPP molecular dyes are measured to a
time delay of 6 ns using 400 nm excitation pulses and the results are compared to the nanoGUMBOS
samples. Figure 8.1 (a) shows transient absorption spectra of 20 μM aqueous HTCPP measured at
different time delays using 400 nm excitation. A depletion band centered at 422 nm is due to depletion of
the ground state population followed by a broad spectrum after 425 nm attributed to excited-state
absorption. An isosbestic point separating the ground state depletion band and the excited-state absorption
region is observed at 424 nm. Representative time-profiles of the transient absorption spectra of aqueous
HTCPP integrated at 422 nm and 430 nm are shown in Figure 8.1 (b). The excited-state dynamics are
long-lived corresponding to a triplet state with much longer electronic decays than the 6 ns time delay of
the experiment.
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Figure 8.1. (a) Transient absorption spectra of 20 μM TCPP molecular dye in water at different time
delays using 400 nm excitation. (b) Time-profiles of the transient absorption spectra of aqueous TCPP
molecular dye. The time-dependent signals are measured at 422 nm and 430 nm.
In order to unravel the photophysical properties of HTCPP-based nanoGUMBOS and investigate
their potential applications, the excited-state dynamics of [P66614]4 [HTCPP]nanoGUMBOS are studied
and compared to those obtained from HTCPP molecular dye. Figure 8.2 (a) displays the transient
absorption spectra of colloidal [P66614]4[HTCPP] nanoGUMBOS at different time delays using 400 nm
excitation pulses. A negative depletion band is centered at 423 nm followed by a broad positive spectrum
attributed to induced excitation band after 440 nm. The two spectral features are separated by an
isosbestic point at 438 nm. Representative time-profiles of the transient absorption spectra of colloidal
[P66614]4[HTCPP] nanoGUMBOS integrated at 423 nm and 460 nm are shown in Figure 8.2 (b). As
shown in Figure 8.2 (c), the experimental data are fit with a global analysis technique using a sum of
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exponential functions.38-42 The equation used in the global analysis fit is of the form 𝐼(𝑡) = 𝑦0 +
𝑡
𝜏𝑖

∑𝑛𝑖=1 𝐴𝑖 exp (− ), where n is the number of lifetimes required to accurately fit the time-profiles obtained

Figure 8.2. (a) Transient absorption spectra of colloidal [TCPP][P66614]2 nanoGUMBOS at different
time delays using 400 nm excitation. (b) Time-profiles of the transient absorption spectra of colloidal
[TCPP][P66614]2 nanoGUMBOS. The time-dependent signals are measured at 423 nm and 460 nm. (c)
Decay spectra obtained using a sum of exponential fits of time-dependent transient absorption spectra of
colloidal [TCPP][P66614]2 nanoGUMBOS.
from the transient absorption spectra. Three lifetimes are required to accurately fit the temporal evolution
of transient signal over the wavelengths range of the experiment with lifetimes of τ1 = 3233 ±
126 ps, τ2 = 263 ± 54 ps, and τ3 = 1957 ± 98 ps. The transient absorption results demonstrate that
the excited-state dynamics of the [P66614]4[HTCPP] nanoGUMBOS are faster than those of the aqueous
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HTCPP dye. In the nanoparticle, TCPP acts as an efficient electron donor due to its delocalized electronic
structure where electron and energy transfer between porphyrin groups is possible. In this case, excited
electrons from the singlet state can transfer to the lower-energy band leading to a charge separated state,
followed by relaxation to the ground-state through charge recombination. This electron transfer is
confirmed from the global analysis where the lifetimes of TCPP in the colloidal nanostructures can be
determined with our experimental time delays as observed in Figure 8.2. Luminescence data shown in
Appendix 7 indicates an increase in the intensity of the band centered at 650 nm due to this electron
transfer. Energy transfer takes place due to the proximity of the TCPP groups in the nanosphere.
The effect of a zinc center on the excited-state dynamics of aqueous Zn-TCPP and colloidal
[P66614]4[Zn-TCPP] nanoGUMBOS are investigated. Figure 8.3 (a) shows the transient absorption
spectra of aqueous Zn-TCPP molecular dye at different time delays using 400 nm excitation pulses. A
depletion band centered at 426 nm is attributed to ground-state depletion and is followed by a broad
spectrum after 435 nm attributed to excited-state absorption. The two spectral regions are separated by an
isosbestic point at 433 nm. Representative time-dependent transient absorption spectra integrated at 428
nm and 450 nm are shown is Figure 8.3 (b). Global analysis of the decay spectra shown in Figure 8.3 (c)
are generated using a sum of two exponential function with lifetimes τ4 = 14.9 ± 0.9 ns and τ5 =
1100 ± 98 ps. These longer-lived lifetime most probably corresponds to the electronic decay from a
triplet state. The time-profile of Zn-TCPP molecular dye in water at short time delays shown in Figure 8.3
(d), can be fit with an exponential function with a lifetime τ6 = 75 ± 2 ps. Due to their relatively short
lifetimes, these excited-state decay paths can be attributed to singlet state or charge transfer state.
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Figure 8.3. (a) Transient absorption spectra of 20 μL aqueous Zn-TCPP molecular dye at different time
delay using 400 nm excitation. (b) Time-profiles of the transient absorption spectra of aqueous Zn-TCPP
molecular dye. The time-dependent signals are measured at 428 nm and 450 nm. (c) Decay spectra
obtained using a sum of exponential fits of time-dependent transient absorption spectra of aqueous ZnTCPP molecular dye. (d) Time-profiles of Zn-TCPP molecular dye at short time delays.
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Transient absorption measurements are also performed on a sample of colloidal [P66614]4[ZnTCPP] nanoGUMBOS. Figure 8.4 (a) displays the transient absorption spectra of colloidal [P66614] 4[ZnTCPP] nanoGUMBOS at different time delays using 400 nm excitation. A depletion band centered at 425
attributed to ground-state depletion is followed by a broad spectrum after 450 nm attributed to induced
excitation. The time-dependent transient absorption spectra integrated at 420 nm and 458 nm are shown in
Figure 8.4 (b). The decay spectra from the global analysis of the time-profiles are shown in Figure 8.4 (c).

Figure 8.4. (a) Transient absorption spectra of colloidal [Zn-TCPP][P66614]2 nanoGUMBOS at different
time delays using 400 nm excitation. (b) Time-profiles of the transient absorption spectra of colloidal [ZnTCPP][P66614]2 nanoGUMBOS. The time-dependent signals are measured at 428 nm and 450 nm. (c)
Decay spectra obtained using a sum of exponential fits of time-dependent transient absorption spectra of
colloidal [Zn-TCPP][P66614]2 nanoGUMBOS.
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The time-profiles are fit using a sum of two exponential functions with lifetimes τ7 = 74 ±
6 ps and τ8 = 19 ± 1 ps. The shorter lifetimes in the case of [P66614]4[Zn-TCPP] nanoGUMBOS are
concurrent with enhanced electron transfer between Zn-TCPP molecules. As shown in the Appendix 7,
the intensity of the high-energy emission band centered at around 620 nm decreases while the intensity of
the lower energy band centered at around 670 nm increases for the [P66614]4[Zn-TCPP] nanoGUMBOS
sample. This is concurrent with enhanced electron transfer between singlet states of Zn-TCPP groups in
the nanosphere, which leads to quenching of the fluorescence from the singlet state. This long-lived
excited-state is not detected in the transient absorption measurements of [P66614] 4[Zn-TCPP]
nanoGUMBOS due to its low electronic population.
8.4 Conclusion
The transient absorption study of aqueous M-TCPP (M = H and Zn) molecular dye shows
relatively long-lived excited-states dynamics. In contrast, the excited-state dynamics of colloidal
[P66614]4[M-TCPP] nanoGUMBOS are characterized by faster lifetimes compared to the dynamics of
the initial molecular dye. In the case of [TCPP][P66614]4 nanoGUMBOS, the faster lifetimes are due to
efficient electron and energy transfer between M-TCPP molecules in the nanoGUMBOS. In addition, the
excited-state dynamics of [P66614]4[Zn-TCPP] nanoGUMBOS are faster than those of [P66614]4[ZnTCPP] nanoGUMBOS due to increase of the electronic delocalization caused by the metal center. The
electron transfer between Zn-TCPP molecules in [P66614]4[Zn-TCPP] nanoGUMBOS in particular is
remarkably enhanced. This ultra-efficient electron transfer is very promising for possible applications in
light-harvesting solar cells and optoelectronics.
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CHAPTER 9 – BRILLIANT GREEN NANOGUMBOS WITH ENHANCED SECOND
HARMONIC GENERATION AND NEAR-INFRARED EMISSION

9.1 Introduction
Triphenylmethane dyes such as malachite green and brilliant green have been widely studied for
potential applications in protein labeling.1, 2 These dark molecules are capable of generating an enhanced
fluorescence signal when they are specifically bound to proteins or nucleic acids. 3-5 The low fluorescence
yield of malachite green in solution is due to the ultrafast nonradiative relaxation dynamics of the first
singlet state as a result of the strong coupling between the electronic states and the torsional degrees of
freedom of the phenyl ring.6-8 Additionally, several strategies have been employed for the enhancement of
the near-infrared (NIR) emission of triphenyl methane dyes, corresponding to the optical window in
biological tissues. This enhancement is very advantageous for applications in non-invasive bio-imaging
and bio-sensing.9, 10
Second harmonic generation (SHG) is a nonlinear optical technique where two photons of
frequency 𝜔 coherently add to generate a photon of frequency 2𝜔.11 Nonlinear optical harmonic
generation and SHG, in particular, is of increasing interest for various applications such as photonics, 12-14
materials chemistry,15 biosensing,16 and biomedical imaging.17 Additionally, molecules and nanomaterials
with enhanced SHG signal are useful for as probes in second harmonic generation microscopy and
imaging.18-21 SHG microscopy is uniquely suited for biological micrsocopy due to the narrow and stable
nonlinear signal generated at the laser focus, the surface sensitivity of the spectroscopy, and the
upconversion of NIR incident light to visible signals.22
In this chapter, we report the synthesis, characterization, excited-state dynamics, and SHG signal
of thermally stable brilliant green–BETI [BG][BETI] nanoGUMBOS. These thermally stable colloidal
nanomaterials exhibit enhanced NIR fluorescence compared to the molecular dye in water. Ultrafast
spectroscopy shows that the two excited-state lifetimes of brilliant green in the nanoGUMBOS are longer,
which leads to the enhanced fluorescence. Here, the torsional degrees of freedom of the phenyl ring in
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brilliant green are hindered in the nanoGUMBOS environment. Additionally, the SHG signal of
[BG][BETI] nanoGUMBOS is remarkably enhanced due to the increase of the second order susceptibility
tensor 𝜒 (2) of the nanoGUMBOS.
9.2 Experimental Section
Brilliant green (BG.HSO4) and lithium bis (pentafluoroethylsulfonyl)imide (LiBETI) are purchased
from Sigma Aldrich. BG.HSO4 is used as received. Ethanol (EtOH) is purchased from OmniSolv. Triply
deionized water (18.2 MΩ. cm) obtained from an Elga model PURELAB ultra water-filtration system is
used for all ion exchange reactions and nanoGUMBOS preparations. An anion exchange reaction is
performed using 0.13 mol of BG.HSO 4 and 0.14 mol of LiBETI dissolved separately in equal volumes of
water. These solutions are mixed and stirred for 24 hours, followed by centrifugation at 3800 rpm to
separate the [BG][BETI] blue-green precipitate. The product precipitate is washed several times with fresh
deionized distilled water to remove the lithium bisulphate byproduct. The product is then freeze-dried
overnight to remove trace water, providing an overall product yield of approximately 99%. The product is
characterized by electrospray ionization time-of-flight mass spectrometry (ESI-TOF-MS). Using positive
mode ESI-TOF-MS, an m/z peak of 385 is observed, thus confirming the presence of the [BG]+ cation. In
negative-ion mode, [BETI]− anion peak is observed at m/z of 379.9. The [BG][BETI] nanoGUMBOS
sample is prepared in water using the reprecipitation method. Briefly, a small aliquot of 1 mM [BG][BETI]
ethanolic solution is dissolved in a vial containing 5 mL of deionized distilled water in an ice bath, followed
by 5 min of probe sonication. TEM images of the nanoGUMBOS are shown in Figure 9.1. The average
nanoGUMBOS diameter is measured to be 29 ± 6 nm. Figure 9.2 (a) shows the extinction spectra of 10 μM
brilliant green dye in water and 10 μM colloidal [BG][BETI] nanoGUMBOS. The fluorescence spectra of
brilliant green dye and [BG][BETI] nanoGUMBOS after 420 nm excitation are shown in Figure 9.1 (b).
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Figure 9.1 TEM image of [BG][BETI] nanoGUMBOS with an average diameter of 29 ± 6 nm.

Figure 9.2 (a) Extinction spectra of 10 μM brilliant green dye (red line) and 10 μM [BG][BETI]
nanoGUMBOS in water (black line). (b) Fluorescence spectra of 10 μM brilliant green dye (red line) and
10 μM [BG][BETI] nanoGUMBOS in water (black line) after 420 nm excitation.
9.3 Results and Discussion
As shown in Figure 9.2 (b), the fluorescence of [BG][BETI] nanoGUMBOS is significantly
enhanced compared to brilliant green dye in water. Particularly, the NIR fluorescence band centered at
around 740 nm is enhanced by approximately 6 times. Ultrafast transient absorption is used to investigate
the fluorescence enhancement of the nanoGUMBOS. The transient absorption optical setup is described
in chapter 5. Figure 9.3 (a) shows representative transient absorption spectra of 10 μM brilliant green dye
in water at different time delays using 400 nm excitation. A positive band centered at 480 nm is attributed
to excited-state absorption, followed by a negative band attributed to ground-state depletion centered at
580 nm. The time-profiles of brilliant green measured at 480 and 550 nm are shown in Figure 9.3 (b). The
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decay spectra obtained from the global analysis of the transient absorption time-profiles of brilliant green
dye in water are shown in Figure 9.3 (c). Three lifetimes of 0.82 ± 0.04 ps, 0.63 ± 0.03 ps, and 3.18 ±
0.07 ps are needed to accurately describe the ultrafast excited-state dynamics of brilliant green in water.
These fast dynamics are due to the strong coupling of the electronic states to the torsional degrees of
freedom of the phenyl ring in the brilliant green structure. 6

Figure 9.3. (a) Representative transient absorption spectra of 10 μM brilliant green dye in water at
different time delays using 400 nm excitation. (b) Representative time-profiles of brilliant green dye
measured at 480 and 580 nm. (c) Decay spectra obtained from the global analysis of the transient
absorption time-profiles of brilliant green dye.
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The excited-state dyanmics of colloidal [BG][BETI] nanoGUMBOS are measured and compared
to the dynamics of brilliant green dye in water. Figure 9.4 shows representative transient absorption
spectra of 10 μM [BG][BETI] nanoGUMBOS in water at different time delays using 400 nm excitation.
A positive band centered at 540 nm is attributed to excited-state absorption, followed by a negative band
attributed to ground-state depletion centered at 650 nm. The time-profiles of colloidal [BG][BETI]
nanoGUMBOS measured at 540 and 650 nm are shown in Figure 9.4 (b). The decay spectra obtained
from the global analysis of the transient absorption time-profiles of [BG][BETI] nanoGUMBOS are
shown in Figure 9.4 (c). Three lifetimes of 0.46 ± 0.03 ps, 1.12 ± 0.09 ps, and 4.31 ± 0.13 ps are needed

Figure 9.4. (a) Representative transient absorption spectra of 10 μM [BG][BETI] nanoGUMBOS in water
at different time delays using 400 nm excitation. (b) Representative time-profiles of [BG][BETI]
nanoGUMBOS in water measured at 540 and 650 nm. (c) Decay spectra obtained from the global
analysis of the transient absorption time-profiles of [BG][BETI] nanoGUMBOS.
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to accurately describe the ultrafast excited-state dynamics of [BG][BETI] nanoGUMBOS in water. Two
of these lifetimes are significantly longer in the nanoGUMBOS compared to the molecular dye. These
longer lifetimes are attributed to the restriction of the torsional degrees of freedom of the BG phenyl rings
about the central carbon atom in the nanoGUMBOS environment compared to the aqueous environment
that also leads to the enhanced fluorescence signals.
The SHG signal of [BG][BETI] nanoGUMBOS in water is measured and compared to the signal
from BG in water and the signal from 35 ± 3 nm colloidal gold nanospheres at the same nanoparticle
concentration. The SHG optical setup is described in details in chapter 5. Figure 9.5 shows the SHG
spectra of 10 μM 29 nm [BG][BETI] nanoGUMBOS in water, 35 nm 10 μM gold nanospheres in water,
and 10 μM brilliant green molecular dye in water. A 4 and 6-folds enhancement is observed in the SHG
signal of the nanoGUMBOS compared to gold nanospheres and the molecular dye, respectively. This
enhanced SHG signal is due to the larger 𝜒 (2) of the nanoGUMBOS than the molecular dye. The SHG
from the molecular dye dissolved in water is due to hyper Rayleigh scattering (HRS) where random
fluctuations of the molecule ensemble at the laser focus leads to incomplete cancellation of the nonlinear
signal. SHG from the nanoGUMBOS is due to the coherence length of the SHG process in the
nanoparticle medium that is futher enhanced by the large second-order susceptibility of the BG molecule
at 800 nm to produce 400 nm. Interestingly, the SHG is of the nanoGUMBOS material is even larger than
gold nanoparticles of comparable size, since BG has a two-photon resonance near 400 nm, while the gold
plasmon resonance is near 530 nm, so the gold nanoparticle sample has a lower degree of resonance
enhancement at 800 nm and 400 nm, while the expected plasmon resonance optical field enhancement is
relatively small at these wavelengths.
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Figure 9.5. SHG spectra of (red line) 10 μM brilliant green dye in water, (blue line) 10 μM 29 nm
[BG][BETI] nanoGUMBOS in water, and (green line) 10 μM 35 nm gold nanospehres in water.

9.4 Conclusion
The synthesis, characterization, excited-state dynamics, and SHG measurements of 29 ± 6 nm
[BG][BETI] nanoGUMBOS are reported. The nanoGUMBOS sample exhibits enhanced fluorescence
signal in the NIR region. This enhanced fluorescence is explained in terms of longer excited-state
lifetimes of the nanoGUMBOS sample compared to the molecular dye. Additionally, [BG][BETI]
nanoGUMBOS possess an enhanced SHG signal compared to the molecular dye and 35 nm gold
nanospheres. These results show that the nanoGUMBOS are excellent candidates for applications in biosensing, bio-imaging, and bio-labeling.
9.5 References
(1) Szent-Gyorgyi1, C.; Schmidt, B. F.; Creeger1, Y.; Fisher, G. W.; Zakel, K. L.; Adler, S.; Fitzpatrick,
J. A. J.; Woolford, C. A.; Yan, Q.; Vasilev, K. V.; et al. Fluorogen-Activating Single-Chain
Antibodies for Imaging Cell Surface Proteins. Nat. Biotech. 2007, 26, 235–240.
(2) Babendure, J. R.; Adams, S. R.; Tsien, R. Y. Aptamers Switch on Fluorescence of Triphenylmethane
Dyes. J. Am. Chem. Soc. 2003, 125, 14716–14717.
(3) Kolpashchikov, D. M. Binary Malachite Green Aptamer for Fluorescent Detection of Nucleic Acids.
J. Am. Chem. Soc. 2005, 127, 12442–12443.
(4) Fitzpatrick, J. A. J.; Yan, Q.; Sieber, J. J.; Dyba, M.; Schwarz, U.; Szent-Gyorgyi, C.; Woolford, C.
A.; Berget, P. B.; Waggoner, A. S.; Bruchez, M. P. STED Nanoscopy in Living Cells Using
Fluorogen Activating Proteins. Bioconjugate Chem. 2009, 20, 1843–1847.

128

(5) Paige, J. S.; Wu, K. Y.; Jaffrey, S. R. RNA Mimics of Green Fluorescent Protein. Science 2011, 333,
642–646.
(6) Punzi, A.; Martin-Gassinm, M.; Grilj, J.; Vauthey, E. Effect of Salt on the Excited-State Dynamics of
Malachite Green in Bulk Aqueous Solutions and at Air/Water Interfaces: a Femtosecond
Transient Absorption and Surface Second Harmonic Generation Study. J. Phys. Chem. C 2009,
113, 11822–11829.
(7) Bhasikuttan, A. C.; Sapre, A. V.; Okada, T. Ultrafast Relaxation Dynamics from the S2 State of
Malachite Green Studied with Femtosecond Upconversion Spectroscopy. J. Phys. Chem. A 2003,
107, 3030−3035.
(8) Fita, P.; Punzi, A.; Vauthey, E. Local Viscosity of Binary Water+Glycerol Mixtures at Liquid/Liquid
Interfaces Probed by Time-Resolved Surface Second Harmonic Generation. J. Phys. Chem. C
2009, 113, 20705–20712.
(9) Xu, W.; Lu, Y. Label-Free Fluorescent Aptamer Sensor Based on Regulation of Malachite Green
Fluorescence. Anal. Chem. 2010, 82, 574–578.
(10) Funada, T.; Hirose, T.; Tamaib, N.; Yao, H. Organic Nanoparticles of Malachite Green with
Enhanced Far-Red Emission: Size-Dependence of Particle Rigidity. Phys. Chem. Chem. Phys.
2015, 17, 11006–11013
(11) Boyd, R. Nonlinear Optics; Academic Press: New York, 2010.
(12) Berger, V. Nonlinear Photonic Crystals. Phys. Rev. Lett. 1998, 81, 4136.
(13) Broderick, N. G. R.; Ross, G. W.; Offerhaus, H. L.; Richardson, D. J.; Hanna, D. C. Hexagonally
Poled Lithium Niobate: A Two-Dimensional Nonlinear Photonic Crystal. Phys. Rev. Lett. 2000,
84, 4345.
(14) Corcoran1, B.; Monat, C.; Grillet, C.; Moss, D. J.; Eggleton, B. J.; White, T. P.; O'Faolain, L.;
Krauss, T. F. Green Light Emission in Silicon Through Slow-Light Enhanced Third-Harmonic
Generation in Photonic-Crystal Waveguides. Nat. Photonics 2009, 3, 206–210.
(15) Stupp, S. I.; LeBonheur, V.; Walker, K.; Li, L. S.; Huggins, K. S.; Keser, M.; Amstutz, A. Science
1997, 276, 384–389.
(16) Campagnola, P. J.; Loew, L. M. Nat. Biotech. 2003, 21, 1356–1360.
(17) Pu, Y.; Grange, R.; Hsieh, C. L.; Psaltis, D. Nonlinear Optical Properties of Core-Shell Nanocavities
for Enhanced Second-Harmonic Generation. Phys. Rev. Lett. 2010, 104, 207402.
(18) Chen, X.; Nadiarynkh, O.; Plotnikov, S.; Campagnola, P. J. Second Harmonic Generation
Microscopy for Quantitative Analysis of Collagen Fibrillar Structure.
(19) Pantazis, P.; Maloney, J.; Wu, D.; Fraser, S. E. Second Harmonic Generating (SHG) Nanoprobes for
in Vivo Imaging. Proc. Natl. Acad. Sci. 2010, 107, 14535–14540.

129

(20) Wampler, R. D.; Kissick, D. J.; Dehen, C. J.; Gualtieri, E. J.; Grey, J. L.; Wang, H. –F.; Thompson,
D. H.; Cheng, J. –X.; Simpson, G. J. Selective Detection of Protein Crystals by Second Harmonic
Microscopy. J. Am. Chem. Soc. 2008, 130, 14076–14077.
(21) Reeve, J. E.; Collins, H. A.; De Mey, K.; Kohl, M. M.; Thorley, K. J.; Paulsen, O.; Clays, K.;
Anderson, H. L. Amphiphilic Porphyrins for Second Harmonic Generation Imaging. J. Am.
Chem. Soc. 2009, 131, 2758–2759.

130

CHAPTER 10 – EXCITED-STATE DYNAMICS OF CARBAZOLE – BETI NANOGUMBOS

10.1 Introduction
Carbazole-BETI GUMBOS and nanoGUMBOS offer exciting new opportunities for potential
applications in OLEDs and optoelectronic technologies due to their complex photodynamic properties. 1
Advances in such applications require a complete understanding of the fundamental mechanisms
involving the photoexcitation and the excited-state relaxation dynamics of these highly-fluorescent
nanomaterials and solutions. More precisely, processes such as charge transfer, energy transfer,
metastable states, optical gain, and stimulated emission are expected to have major contributions to the
relaxation paths of the excited-state populations of the GUMBOS and nanoGUMBOS. 1-3 Here we use
ultrafast time-resolved transient absorption spectroscopy to accurately delineate the excited-state
dynamics of these materials and better understand their structural and photodynamic properties.
10.2 Results and Discussion
The synthesis is similar to the one reported in chapter 9 for [BG][BETI] nanoGUMBOS and the
transient absorption optical setup is similar to the one reported in chapter 5. The extinction spectrum of
carbazole-BETI nanoGUMBOS is shown in Figure 10.1 (b). Using ultrafast spectroscopy, we have
investigated several different GUMBOS and nanoGUMBOS samples. Pump-probe transient absorption
measurements are taken on a 50 μM carbazole-BETI nanoGUMBOS in water in order to determine the
excited-state relaxation dynamics.

Figure 10.1 Extinction spectrum of carbazole-BETI nanoGUMBOS in water.
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Figure 10.2, a-b show the transient absorption spectra of aqueous carbazole-BETI nanoGUMBOS
measured at different time delays using 280 nm excitation pulses. The band centered at 320 nm is due to
ground-state depletion due to excitation to the S1 excited-state.1 Two bands centered at 470 nm and 580
nm are attributed to excited-state absorption. The time profiles shown in Figure 10.2 (c) depict the groundstate depletion and the two excited-states absorption bands integrated over 320 nm, 470 nm, and 580 nm
respectively. The ground state depletion time profile has an exponential decay with a lifetime of τ 1 = 164 ±
6 ps. The lifetimes of the excited-states absorption bands are τ2 = 224 ± 11 ps at 470 nm and τ3 = 120 ± 10
ps at 580 nm. Two sharp depletion peaks are observed at 556 nm and 566 nm and are attributed to optical
gain leading to stimulated emission.2,4 The time-dependent transient absorption profiles are analyzed over
the wavelength range of 410 nm to 620 nm using a global analysis technique5 described by a sum of
exponentials to recover the lifetimes and corresponding spectra of the relaxation dynamics. Figure 10.2 (d)
displays the spectral results of the global analysis over this wavelength range, showing that the transient
absorption is well-represented by a convolution of two excited-state absorption bands with correlated
lifetimes of τ2 = 224 ps and τ3 = 120 ps.

Figure 10.2. (a) and (b) Transient absorption spectra of 50 μM aqueous carbazole-BETI nanoGUMBOS at
different time delays using 280 nm excitation pulses. (c) Time profiles of the transient absorption spectra
of the nanoGUMBOS at 320 nm (green line), 470 nm (red line), and 580 nm (blue line). (d) Decay spectra
obtained by fitting the transient absorption data to sums of exponentials.
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Figure 10.3 shows the transient absorption spectra of 50 μL carbazole-BETI nanoGUMBOS in
water from (a) 370 nm to 390 nm and (b) 540 nm to 580 nm at different time delays. Three depletion
bands attributed to stimulated emission are observed near 380 nm, 556 nm, and 566 nm. The depletion
intensities gradually increase with time until a plateau is reached. These three negative bands are fit using
a Gaussian function at different time delays and their areas are calculated by integrating over the
appropriate Gaussian functions. The obtained time profiles of the different stimulated emission bands are
shown in Figure 10.3 (c) and are fit using exponential functions to obtain the corresponding lifetimes of
the optical gain. These lifetimes are τ4 = 241 ± 10 ps, τ5 = 118 ± 3 ps, and τ6 = 810 ± 5 ps for the bands
centered at 380 nm, 556 nm, and 566 nm respectively.

Figure 10.3. Transient absorption spectra of 50 μL aqueous carbazole-BETI nanoGUMBOS at two
different wavelength ranges: (a) 370 nm – 390 nm and (b) 540 nm – 580 nm. The spectra show negative
peaks attributed to optical gain leading to stimulated emission at (a) 380 nm, (b) 566 and 556 nm. (c)
Time profiles of the different stimulated emission bands. The experimental data are fit with an
exponential function to obtain the lifetimes of the optical gain.
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10.3 Conclusion
These investigations demonstrate the wealth of photodynamic information that transient
absorption spectroscopy can provide for these types of GUMBOS and nanoGUMBOS. Many distinct
pathways of molecular excited-state relaxation dynamics are identified and measured both
spectroscopically and temporally. In addition, stimulated emission bands are seen to exponentially
increase and plateau over different characteristic lifetimes, allowing for possible mechanisms for
enhanced fluorescence pathways. These results provide detailed information on the photodynamics and
excited-state relaxation paths of these novel materials that can help lead towards new designs of advanced
OLED devices with increased emission efficiencies and novel optoelectronic applications.
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CHAPTER 11 - CONCLUSION

11.1 Ultrafast and Nonlinear Spectroscopy of Plasmonic Nanoparticles
The nonlinear and ultrafast spectroscopic techniques of second harmonic generation and transient
absorption spectroscopy are used to study plasmonic nanoparticles in colloidal suspension. The
adsorption properties of triphenylmethane dyes malachite green, brilliant green, and methyl green on the
surface of 80 nm colloidal gold nanoparticles are investigated using SHG. The measured isotherms are fit
using a modified Langmuir model to obtain the free energies of adsorption and the site densities of the
dyes at the colloidal nanoparticle surface. Complementary extinction spectroscopy is used to investigate
the plasmon-exciton resonance coupling. Additionally, SHG is used to investigate the growth of a silver
shell on the surface of gold nanoparticles in real-time. These results provide valuable information on the
time-dependent surface structure and morphology of the nanoshell. The gold-silver core-shell
nanoparticles exhibit enhanced SHG signal compared to gold and silver nanoparticles due to the enhanced
optical fields.
The synthesis of size-selected novel plasmonic gold-silver-gold core-shell-shell nanoparticles is
reported. The extinction peak wavelengths can be controlled over the visible and near-infrared regions by
varying the thicknesses of the gold and silver shells. These unique spectroscopic properties make these
nanoparticles potential candidates for biologically relevant applications including photothermal cancer
therapy and biosensing. The core-shell-shell nanoparticles have a higher photothermal effect compared to
gold nanospheres and gold nanorods after irradiation with 800 nm laser pulses. Transient absorption
measurements show that the phonon-phonon scattering lifetime is significantly shorter in the core-shellshell nanoparticles than in gold nanospheres and gold nanorods, which leads to higher photothermal
efficiencies.
The adsorption properties of malachite green, brilliant green, methyl green, and rhodamine 110
on the surface of 105 nm colloidal gold-silver-gold core-shell-shell nanoparticles are investigated. The
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adsorption isotherms are fit using a modified Langmuir model to obtain the free energies of adsorption
and the site densities. Extinction spectroscopy shows that the plasmon-exciton resonance coupling at the
core-shell-shell nanoparticle surface is remarkably enhanced. The fluorescence signal of the
triphenylmethane dyes is enhanced while the fluorescence signal of rhodamine 110 is quenched at the
core-shell-shell nanoparticle surface. Transient absorption measurements reveal that molecular hindrance
of the torsional dynamics causes increased excited-state lifetimes for brilliant green adsorbed to the coreshell-shell nanoparticle surface. A very different effect is observed for rhodamine 110, where energy
transfer from the dye to the plasmonic nanoparticle results in much faster excited-state lifetimes. The
decays of the short-lived excited-states of the plasmon-exciton polaritonic states formed when brilliant
green is adsorbed on the core-shell-shell surface are investigated using transient absorption and their
decay lifetimes are measured.
The excited-state dynamics of TiO2-Au nanocomposites are investigated using 400 nm excitation
pulses. These nanoparticles have been extensively studied for the potential applications in nanocatalysis.
The results show that the relaxation processes of the plasmon depletion band, which are described by
electron-phonon and phonon-phonon scattering lifetimes, are independent of the gold nanocluster size
adsorbed at the TiO2 nanoparticle surface. The dynamics corresponding to interfacial charge transfer
between the gold nanoclusters and the TiO2 bandgap are observed to spectrally overlap with the gold
interband transition dynamics, and the charge-transfer lifetimes are shown to significantly decrease as the
nanocluster size increases. Moreover, size-dependent periodic oscillations attributed to acoustic phonons
of the gold nanoclusters are observed. These results provide additional information towards a better
understanding of the structure-photocatalytic activity paradigm of the TiO2-Au nanocomposites.
11.2 Ultrafast and Nonlinear Spectroscopy of NanoGUMBOS
NanoGUMBOS are derived from a group of uniform materials based on organic salts
(GUMBOS). These nanomaterials can provide exciting new opportunities for a wide range of applications
such as optoelectronics, photovoltaics, OLEDs, and biological applications. The resulting excited-state
relaxation dynamics can help in improving potential properties and designs in these developing
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nanoGUMBOS applications. Transient absorption is used to investigate the excited-state dynamics of
thermally stable crystalline [Ru(bipy)3][BETI]2 nanoGUMBOS. These nanoGUMBOS show spectral
shifts and size-dependent relaxation dynamics for nanoparticle diameters varying from 20 to 100 nm,
characterized by excited-state decay dynamics similar to those of the precursor dye at higher pump pulse
energies with an additional pathway attributed to intermolecular energy transfer, where all lifetimes
increase with increasing nanoparticle size. Long-lived phonons that are persistent for several nanosecond
are also observed, where the phonon frequency increases as the nanoparticle size increases. The
frequencies of the phonon oscillations are fit using a model based on the size-dependent force constant of
the nanocrystals. This anomalous phonon trend is due to very low coupling between electronic and
phonon degrees of freedom and a strong hydrophobic interaction with the aqueous solvent. These results
suggest that these nanoGUMBOS are very advantageous for dye-sensitized solar cells and other
optoelectronic devices, including hot-carrier extraction photovoltaics.
The excited-state dynamics of [P66614]4[M-TCPP] (M = H and Zn) nanoGUMBOS are
investigated and compared to those of the corresponding dyes. M-TCPP dyes in water possess very longlived relaxation decays. [P66614]4[H-TCPP] nanoGUMBOS have much faster lifetimes due to lightinduced energy and electron transfer between the porphyrin groups. The decay lifetimes of [P66614]4[ZnTCPP] nanoGUMBOS are even faster from the increased electronic delocalization of Zn-TCPP. These
results show that [P66614]4[M-TCPP] nanoGUMBOS are very promising for potential applications in
photovoltaics and optoelectronics.
Colloidal brilliant green–BETI nanoGUMBOS possess enhanced fluorescence signal in the nearinfrared region compared to the molecular dye in water. Transient absorption measurements show that the
excited-states relaxation lifetimes of the nanoGUMBOS are significantly slower than the corresponding
lifetimes of the molecular dye in water. This enhanced fluorescence is due to the restriction of the
torsional degrees of freedom of the phenyl ring in brilliant green nanoGUMBOS. A large enhancement of
the SHG signal is observed in the nanoGUMBOS samples compared to gold nanoparticles and brilliant
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green dye, respectively. These enhanced optical properties make brilliant green – BETI nanoGUMBOS
well suited for biological applications in sensing, labeling, and imaging.
Finally, ultrafast spectroscopy is used to study the photophysical properties of carbazole–BETI
nanoGUMBOS. There nanoGUMBOS are known to possess enhanced fluorescence signals. Optical gain
and stimulated emission are observed as an additional excited-state relaxation pathway in the
nanoGUMBOS. These results show that carbazole–BETI GUMBOS and nanoGUMBOS offer exciting
new opportunities for potential applications in OLEDs and optoelectronic technologies. The nonlinear and
ultrafast spectroscopic techniques of second harmonic generation and transient absorption spectroscopy
are demonstrated to be extremely valuable in obtaining important information on molecular adsorption,
plasmon enhancement, core-shell growth kinetics, molecular relaxation dynamics, ultrafast photothermal
heating, anomolous phonon dynamics, and advanced optoelectronic characterization of colloidal
nanoparticles and nanomaterials.
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APPENDIX 1 – ADDITIONAL SHG FITS AND RESONANCE COUPLING ANALYSIS

A1.1 Second Harmonic Generation Data and Fits
Second harmonic generation data and fits The adsorption isotherms obtained from the SHG data
are fit using an extended modified Langmuir model that takes into account the signal generated from the
free dye molecules in water. The total SHG signal is considered to be the sum of the three different
contributions including the adsorption of molecules on the surface of gold nanoparticles, the offset from
gold nanoparticles in water, and the signal generated from free dye molecules in water. The later term is
considered negligible in the case of the adsorption studies on the surface of polystyrene microspheres.
The total signal can be written as

𝑆𝐻𝐺𝑡𝑜𝑡𝑎𝑙 = 𝐴(
where 𝑁⁄𝑁

𝑚𝑎𝑥

𝑁
𝑁𝑚𝑎𝑥

)2 + 𝐵 + 𝑀𝑎

(𝐴1.1)

is obtained from the modified Langmuir formula, is the SHG amplitude at the plateau, 𝐴

is the offset term due to the SHG signal from gold nanoparticles in water without the addition of the dye
solution, 𝑀 is the concentration of free dye molecules in solution, and 𝑎 is the slope obtained from
plotting the SHG signal of dye molecules in water versus dye concentration. Figure A1.1 shows the SHG
signal of the different dyes in water at different reduced concentrations, which is the ratio of the
concentration over the maximum concentration value. The maximum concentrations used for malachite
green, brilliant green, and methyl green are 1.8 µM, 15 µM, and 8 µM respectively. It is shown that the
SHG signals of the three dyes in water increase linearly, as expected for hyper Rayleigh scattering. The
variation of 𝑀 as a function of dye concentration, 𝑁𝑚𝑎𝑥 , and 𝐾 are determined using the best fits from
the modified Langmuir model. In order to generate the adsorption isotherms, the data are corrected by
subtracting the contribution of the free dye molecules in water from the total SHG signal.
By fitting the SHG data as described above using the extended modified Langmuir model, the site
densities and the free energies of adsorption of the dye molecules to the surface of polystyrene
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Figure A1.1. Adsorption isotherm results obtained from second harmonic generation data (black dots)
from polystyrene microspheres as a function of (a) malachite green, (b) brilliant green, (c) and methyl
green concentrations. The experimental data are compared with the best fits from the modified Langmuir
model (dotted red lines).
microspheres are determined, as shown in Figure A1.2. The polystyrene sulfate microspheres are
purchased from Polysciences and are diluted in nanopure water to a concentration of 4.0 ×10 8
particles/mL for each SHG adsorption isotherm measurement. The experimental setup is the same as the
one used for the gold nanoparticle measurements, with the same data analysis procedure. Using the
extended modified Langmuir model, the free energy of adsorption of malachite green to the surface of
1.06 ± 0.03 µm polystyrene microspheres is −11.0 ± 0.2 kcal/mol and the maximum number of sites per
particle is 1.80 ± 0.04 × 106 where each site occupies 192 ± 9 A2 . These values are equivalent to the
values obtained, under experimental uncertainty, using the modified Langmuir model, which neglects
signal from free dye molecules. Using the modified Langmuir model, the corresponding adsorption
energy is −11.1 ± 0.4 kcal/mol and the maximum number of sites is 1.83 ± 0.06 × 10 6 per particle where
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Figure A1.2. Second harmonic generation signal obtained from the addition of malachite green (red line),
brilliant green (blue line) and methyl green (green line) to water. The signals are shown to increase
linearly, as expected for hyper Raleigh scattering.
each site occupies 193 ± 6 A2. These results are very similar to values reported in the literature. 1,2 In
addition, brilliant green and methyl green molecules bind more strongly to the surface of the polystyrene
microspheres than malachite green. The free energy of adsorption of brilliant green is −13.0 ± 0.3
kcal/mol with a maximum of 1.61 ± 0.06 × 106 sites per particle where each site occupies 216 ± 9 A2 ,
using the extended modified Langmuir model fit. Using the modified Langmuir model, these
corresponding values are −12.8 ± 0.2 kcal/mol, 1.57 ± 0.08 ×10 6 sites per particle, and 220 ± 13 A2,
respectively. The free energy of adsorption of methyl green is −14.1 ± 0.5 kcal/mol with a maximum of
1.26 ± 0.10 ×106 sites per particle where each site occupies 275 ± 12 A2, using the extended modified
Langmuir model fit. Using the modified Langmuir model, these corresponding values are −14.4 ± 0.5
kcal/mol, 1.30 ± 0.10 ×106 sites per particle, and 267 ± 15 A2, respectively. To our knowledge, no work
has previously reported SHG results for brilliant green and methyl green adsorbing to polystyrene
microspheres in water.
A1.2 Polaritons and Fano-Type Resonances at the Colloidal Gold Interface Measured Using
Absorption Spectroscopy
Extinction measurements of the 80.0 ± 6.1 nm gold nanoparticles are performed at different
malachite green and methyl green concentrations, in the same way described for the brilliant green results
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shown in the chapter 2. Figure A1.3, a-b display these spectra after subtracting the spectra of the dye
solutions in water at the corresponding concentrations. A splitting of the plasmon peak is observed near
the molecular resonances, with plasmon and molecular resonance coupling and spectral depletions as the
dye concentrations are increased over the range studied in the SHG adsorption isotherm measurements.
After subtracting the spectra of gold nanoparticles at the corresponding concentrations from the
absorption spectra in Figure A1.3, the difference spectra are obtained and shown in Figure A1.4. The
molecule and plasmon depletion fits are displayed in black dashed lines. The residual negative and
positive peaks observed are due to a convolution of polaritons and Fano-type resonances. The peaks at
higher wavelengths correspond to the lower energy polaritonic state |𝑃−> and the peaks at lower
wavelengths correspond to the higher energy polaritonic state |𝑃+>, respectively. The energy differences
between these two peaks are assigned as the Rabi splitting energies. The plasmon peak is depleted as the
dye concentrations increase. Figure A1.5 is obtained after subtracting the corresponding depletion fits
from the difference spectra in figure A1.4, with offsets added for comparisons. The polariton peaks in
Figure A1.5 are fit using the double Gaussian equation A1.2 for the determinations of the peak positions,
widths, intensities, and offset values. The results are summarized in Table A1.1.
𝑥 − 𝑥1 2
𝑥 − 𝑥2 2
𝑦 = 𝑦0 + 𝐴1 exp [− (
) ] + 𝐴2 exp [− (
) ]
𝑤1
𝑤2

(𝐴1.2)

The chemical structures and the absorption spectra of the dye molecules are shown in figures
A1.6 and A1.7 respectively. A scheme of the SHG optical setup is shown in Figure A1.8.
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Table A1.1: Resonance coupling fits of the polariton |𝑃−> and |𝑃+> peaks to a double Gaussian
function provides the peak positions 𝑥1 and 𝑥2 , the peak widths 𝑤1 and 𝑤2 , the peak intensities 𝐴1 and
𝐴2 , and the offset 𝑦0 at different (a) malachite green, (b) brilliant green and (c) methyl green
concentrations.
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Figure A1.3. Extinction spectra of gold nanoparticles capped with MSA in water at different (a) malachite
green and (b) methyl green concentrations after subtracted the corresponding spectra from the dye
molecules alone in water. 0.30 mL of the 80.0 nm colloidal gold nanoparticles at a bulk concentration of
4.1 × 109 nanoparticles/mL was added to 3.00 mL water.

Figure A1.4. Change in extinction obtained from the subtraction of 80.0 ± 6.1 nm gold nanoparticles
capped with MSA in water (d = 9.1 × 109 nanoparticles per mL) and (a) different malachite green
concentrations, (b) different brilliant green concentrations and (c) different methyl green concentrations in
water from the spectra of a solution of dye and gold colloid (red solid line). The black dashed line
corresponds to the best fit of the plasmon and molecule depletion peaks. A combination of Fano
resonance and polaritons is observed. The spectra were offset for better comparison.
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Figure A1.5. Spectra obtained after the subtraction of the depletion fit from the visible extinction
difference spectra obtained from 80 nm gold nanoparticles at different dye concentrations (a) malachite
green, (b) brilliant green, (c) methyl green in Figure 2.5. The extra remaining peaks are due to a
combination of polaritons and Fano resonance.

Figure A1.6. Chemical structures of the dye molecules: (a) malachite green, (b) brilliant green, and (c)
methyl green.
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Figure A1.7. The absorption spectra of the three dye molecules: (red line) 1.1 µM malachite green, (blue
line) 1.2 µM brilliant green, and (green line) 2.2 µM methyl green.

Figure A1.8. Scheme of the SHG optical setup. The computer-controlled burette, beam block, and stir bar
are not shown here.
A1.3 References
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APPENDIX 2 – GOLD-SILVER CORE-SHELL NANOPARTICLE TEM IMAGES AND SHG
SPECTRA

Figure A2.1 shows TEM images of (a) 65 nm gold nanoparticles and (b) the 65-11 gold-silver
core-shell nanoparticles. Representative SHG spectra of the growth of the silver shell on the surface of 65
nm colloidal gold is shown in Figure A2.2 at different times. At negative times the SHG spectra of 0.5
mL 65 nm gold nanoparticles in 1.0 mL water are measured. At time 0, 3 μL of 100 mM of ascorbic acid,
1.5 μL of 100 mM of AgNO3, and 4 μL of 100 mM NaOH are added to the colloidal gold sample under
vigorous stirring at room temperature. The SHG spectra and backgrounds are measured every 15 seconds
and the time-profiles are generated. Representative SHG spectra of the reduction of silver nitrate in water
is shown in Figure A2.3 at different times. At negative times, the SHG of 1.5 mL water is measured. At
time 0, 3 μL of 100 mM of ascorbic acid, 1.5 μL of 100 mM of AgNO 3, and 4 μL of 100 mM NaOH are
added to the water containing-cuvette. The SHG spectra and backgrounds are measured every 15 seconds
and the time-profiles are generated.

Figure A2.1 TEM images of (a) 65 nm gold nanoparticles and (b) 65-11 nm gold-silver core-shell
nanoparticles
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Figure A2.1 SHG spectra of the growth of the silver shell on the surface of 65 nm colloidal gold at
different times.
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Figure A2.2 SHG spectra of the growth of the control experiment obtained from the reduction of silver
nitrate in water.
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APPENDIX 3 – GOLD-SILVER-GOLD CORE-SHELL-SHELL NANOPARTICLE
CHARACTERIZATION

A3.1 Additional TEM Images and Extinction Spectra
The different average sizes and distributions of the synthesized gold-silver-gold core-shell-shell
nanoparticles are shown in Table A3.1. All gold cores presented here have sizes of 12 ± 0.9 nm. Figure
A3.1 displays representative HR-TEM images of the 12 nm gold core, and the 36 nm, 48 nm, and 60 nm
gold-silver core-shell nanoparticles, as well as their corresponding extinction spectra. The spectrum of the
12 nm gold core is fit using Mie Theory at a concentration of 2.9×1011 nanoparticles/mL. Additional HRTEM images of the gold-silver-gold core-shell-shell nanoparticles, and the gold-silver-gold-silver-gold
core-shell-shell-shell-shell nanoparticles are shown in Figures A3.2 and A3.3 respectively.
Table A3.1. Average core and shell sizes of the synthesizied gold-silver-gold core-shell-shell
nanoparticles.
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Figure A3.1. TEM images of (a) 12 nm gold nanoparticles, (b) 36 nm gold-silver core-shell nanoparticles,
(c) 48 nm gold-silver core-shell nanoparticles, and (d) 60 nm gold-silver core-shell nanoparticles.
Extinction spectra of (e) 12 nm gold nanoparticles and (f) 24 nm, 30 nm, and 36 nm gold-silver core-shell
nanoparticles are shown. The extinction spectrum of the 12 nm colloidal gold nanoparticles is fit using
Mie theory at a concentration is 2.9×1011 nanoparticles/mL.

Figure A3.2. TEM images of the gold-silver-gold core-shell-shell nanoparticle samples with sizes of (a)
12-12-5 nm, (b) 12-12-10 nm, (c) 12-12-20 nm, (d) 12-12-30 nm, (e) 12-18-5 nm, (f) 12-18-7.5 nm, (g)
12-18-10 nm, (h) 12-24-5 nm, (i) 12-24-7.5 nm, and (j) 12-24-10 nm. (k) TEM images of gold nanorods
of 10 nm width and 35 nm length.
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Figure A3.3. (a) and (b) TEM images of the 53 nm gold-silver-gold-silver-gold core-shell-shell-shell-shell
nanoparticles.
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Figure A3.4. Emission spectra of 12-12-30 nm gold-silver-gold core-shell shell nanoparticles, gold
nanorods with an average aspect ratio of 3.5, and 54 nm gold nanospheres after 400 nm excitation.
The emission spectra of 12-12-30 nm colloidal gold-silver-gold core-shell-shell nanoparticles,
gold nanorods with an average aspect ratio of 3.5, and 54 nm gold nanospheres after 400 nm excitation
are shown in Figure A3.4. Gold nanospheres exhibit the highest fluorescence, while gold-silver-gold coreshell-shell nanoparticles exhibit a very low fluorescence.
A3.2 Photothermal Study
Figure A3.5 shows a schematic diagram of the experimental setup used for the photothermal
study. Figure A3.6 displays the extinction spectra of the 54 nm spherical colloidal gold nanoparticles, the
colloidal gold nanorods (10 nm width and 35 nm length) at a concentration of 3.0 x 1011
nanoparticles/mL, and the 12-12-30 nm colloidal gold-silver-gold core-shell-shell nanoparticles (sample
CSS4) used in the photothermal study. The extinction of the spherical gold nanoparticles is overlapped
with the best fit using Mie theory (dotted black line) at a concentration of 2.8×10 10 nanoparticles/mL.
151

Figure A3.5. Schematic diagram of the experimental setup used for the photothermal study.

Figure A3.6. Extinction spectra of (red line) 54 nm spherical colloidal gold nanoparticles, (green line)
colloidal gold nanorods with a 10 nm width and a 35 nm length, and (blue line) 12-12-30 nm colloidal
gold-silver-gold core-shell-shell nanoparticles. The extinction of the spherical gold nanoparticles is
overlapped with the best fit using Mie theory (dotted black line).
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A3.3 Power-Dependent Transient Absorption Study

Figure A3.7. Schematic diagram of the femtosecond transient absorption optical setup.

Figure A3.8. Time-dependent transient absorption spectra of (a) 54 nm colloidal gold nanoparticles, (b)
colloidal gold nanorods with an average aspect ratio of 3.5, and (c) 12-12-30 nm colloidal gold-silvergold core-shell-shell nanoparticles after 400 nm excitation pulses at different excitation energies. The
transient absorption signal is integrated at 550 nm for the gold nanoparticles and at 750 nm for the gold
nanorods and gold-silver-gold core-shell-shell nanoparticles. The time-profiles are all normalized to 1 for
clarity.
153

Figure A3.7 shows a schematic diagram of the femtosecond transient absorption optical setup.
Figure A3.8 shows the time-dependent transient absorption spectra of (a) 54 nm colloidal gold
nanoparticles, (b) colloidal gold nanorods with an average aspect ratio of 3.5, and (c) 12-12-30 nm
colloidal gold-silver-gold core-shell-shell nanoparticles after 400 nm excitation pulses. The magnitude of
the transient absorption signal increases with the increase of the excitation power. The time-dependent
transient absorption spectra of gold nanoparticles, gold nanorods, and gold-silver-gold core-shell-shell
nanoparticles at different excitation energies are normalized to 1 for clarity. The time-profiles are
integrated at 550 nm for the gold nanoparticle sample and at 750 nm for gold nanorod and core-shell-shell
samples. It was shown that as the excitation is increased, the electron-phonon and phonon-phonon
scattering lifetimes become slower due to an increase of the heart capacity of the electron gas.1,2 The
excited-state decay lifetimes shown in Table A3.2 are obtained by fitting the time-dependent transient
depletion spectra using a bi-exponential function for the three samples at different excitation energies, the
relaxation lifetimes. Figure A3.9 shows the decay spectra obtained using a sum of exponential fits of the
time-dependent transient absorption for (a) 54 nm spherical colloidal gold nanoparticles, (b) colloidal
gold nanorods with a 10 nm width and a 35 nm length, and (c) 12-12-30 nm colloidal gold-silver-gold
core-shell-shell nanoparticles after 400 nm excitation pulses. 3 The lifetimes used to fit the spherical
colloidal gold nanoparticles are 8.0 ± 0.6 ps, 2.6 ± 0.3 ps, and 94.0 ± 7.3 ps. The time-traces obtained
from the transient absorption measurements of gold nanorods are fit using two lifetimes of 2.8 ± 0.3 ps
and 102 ± 7 ps. The time-traces obtained from the transient absorption measurements of core-shell-shell
nanoparticles are fit using three lifetimes of 5.0 ± 0.3 ps, 3.0 ± 0.2 ps, and 23.5 ± 0.6 ps.
Table A3.2. The excited-state decay lifetimes are obtained by fitting the time-dependent transient
depletion spectra using a bi-exponential function for the three samples at different excitation energies, the
relaxation lifetimes.

154

Figure A3.9. Representative decay spectra obtained using a sum of exponential fits of time-dependent
transient absorption spectra of (a) 54 nm spherical colloidal gold nanoparticles, (b) colloidal gold
nanorods with a 10 nm width and a 35 nm length, and (c) 12-12-30 nm colloidal gold-silver-gold coreshell-shell nanoparticles.
A3.4 References
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APPENDIX 4 – RESONANCE COUPLING AT THE SURFACE OF GOLD-SILVER-GOLD
CORE-SHELL-SHELL NANOPARTICLES

A4.1 Additional TEM Images and Spectroscopy
Figure A4.1 shows the high resolution TEM images of (a) 85 ± 7 nm gold nanoparticles, and (b)
65 ± 4 nm gold-silver core-shell nanoparticle. Figure A4.2 shows the extinction spectra of 85 nm gold
nanoparticles and 66-11 nm gold-silver core-shell nanoparticles. The extinction spectra of are overlapped
with the best fit using Mie theory. Figure A4.3 shows the chemical structures of (a) malachite green, (b)
brilliant green, (c) methyl green, and (d) rhodamine 110. The absorption spectra of malachite green,
brilliant green, methyl green, and rhodamine 110 are shown in Figure A4.4.

Figure A4.1. High resolution TEM images of (a) 85 ± 7 nm gold nanoparticles and (b) 88 ± 6 nm goldsilver core-shell nanoparticle.

Figure A4.2. Extinction spectra of (red dots) 85 nm gold nanoparticles and (blue dots) 65-11 nm goldsilver core-shell nanoparticles overlapped with the best fit using Mie Theory.
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Figure A4.3. Chemical structures of (a) malachite green, (b) brilliant green, (c) methyl green, and (d)
rhodamine 110.
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Figure A4.4. Absorption spectra of (red line) 1.1 μM malachite green, (blue line) 1.9 μM brilliant green,
(green line) 2.3 μM methyl green, and (orange line) 2.7 μM rhodamine 110.
Figure A4.5 shows the fluorescence signal of (a) malachite green, (b) brilliant green, (c) methyl
green, and (d) rhodamine 110 at different added gold nanoparticle concentrations. The fluorescence of
malachite green, brilliant green, and methyl green is enhanced when it is adsorbed on the colloidal gold
surface. On the other hand the fluorescence of rhodamine 110 is quenched. However, the overall
enhancement or quenching intensity of the dye fluorescence is about three times higher on the core-shellshell surface than the gold surface. These results show a significant enhancement or quenching of the dye
molecules adsorbed on the colloidal core-shell-shell surface. The spectral resonance coupling between
molecules and the gold-silver-gold core-shell-shell plasmon are investigated using extinction
spectroscopy. Figure A4.6 shows the extinction spectra of 106 nm colloidal gold-silver-gold nanoparticles
at different adsorbate concentrations. Additional bands due to the resonance coupling between molecules
and plasmon are observed.
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Figure A4.5. Fluorescence spectra of 1.0 μM (a) malachite green, (b) brilliant green, (c) methyl green, and
(d) rhodamine 110 at different added 80 nm gold nanoparticle concentrations. The spectra are normalized
to the fluorescence intensity of the dyes.

Figure A4.6. Extinction spectra of gold-silver-gold core-shell-shell nanoparticles in water at increasing (a)
malachite green, (b) brilliant green, (c) methyl green, and (d) rhodamine 110 concentrations.
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A4.2 Additional SHG Data
An extended modified Langmuir model is used to fit the adsorption isotherms obtained from the
SHG data. This model takes into the account the signal generated from the dye molecules in water. The
total SHG signal measured is the sum of three different contributions, which are the adsorption of
molecules on the surface of colloidal nanoparticles, the offset from the nanoparticles in water, and the
signal generated from the free dye molecules in water. 1 The total SHG signal is given by

𝑆𝐻𝐺𝑡𝑜𝑡𝑎𝑙 = 𝐴(
where 𝑁⁄𝑁

𝑚𝑎𝑥

𝑁
𝑁𝑚𝑎𝑥

)2 + 𝐵 + 𝑀𝑎

(𝑆1)

is obtained from the modified Langmuir formula, 𝐴 is the SHG amplitude at the

plateau, 𝐵 is the offset term due to the SHG signal from gold nanoparticles in water without the
addition of the dye solution, 𝑀 is the concentration of free dye molecules in solution, and 𝑎 is
the slope obtained from plotting the SHG signal of dye molecules in water versus dye
concentration. Figure A4.7 shows the SHG signal of malachite green, brilliant green, methyl green, and
rhodamine 110 in water. The signal is shown to increase linearly, as epxected for hyper-Railegh
scattering. The variation of 𝑀 as a function of dye concentration, 𝑁𝑚𝑎𝑥 , and 𝐾 are obtained from the best
fits of the modified Langmuir model. The contribution of the free dye molecule in water is subtracted
from the data in order to generate the adsorption isotherms.
Figure A4.8 shows the representative SHG data of 80 nm 9.0 × 109 nanoparticles/mL colloidal
gold nanoparticles at different malachite green, brilliant green, methyl green, and rhodamine 110
concentrations. The position of the SHG peak remains constant within experimental uncertainties for all
added dye concentrations. The SHG intensities are shown to increase with the added dye concentration
reaching maxima as the adsorbates at the core-shell-shell nanoparticle interface reach their saturation
values. The fluorescence contribution to the measured spectra of gold nanoparticles at different
rhodamine concentrations is significant. Thus, these spectra are fit with a sum of a Gaussian and a third
order polynomial functions to deconvolute the SHG and the two-photon fluorescence signal, respectively.
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The adsorption isotherms of malachite green, brilliant green, methyl green, and rhodamine 110 on the
surface of 80 nm colloidal gold nanoparticles are shown in Figure A4.9. The free energies of adsorption
obtained from the best fit of the adsorption isotherms are -15.3 ± 0.2 Kcal/mol, -14.8 ± 0.1 Kcal/mol, 15.0 ± 0.2 Kcal/mol, -12.7 ± 0.3 Kcal/mol for malachite green, brilliant green, methyl green, and
rhodamine 110 adsorbed on the surface of 80 nm colloidal gold nanoparticles, respectively. The
corresponding number of adsorption sites per particle for the four different molecules is determined to be
(9.4 ± 0.02) × 103 , (8.8 ± 0.03) × 103 , (9.0 ± 0.02) × 103 , (7.8 ± 0.03) × 103 sites per particles,
respectively. The adsorption site areas are 79 ± 3 𝐴2 , 68 ± 4 𝐴2 , 72 ± 4 𝐴2 , 53 ± 4 𝐴2 .
The effect of added NaCl on the SHG signal of the colloidal core-shell-shell nanoparticles is
investigated. The representative SHG spectra of colloidal gold-silver-gold core-shell-shell nanoparticles
at different NaCl concentrations are shown in Figure A4.10. A decrease in the SHG signal with the salt
concentration is observed due to dilution effects and the change in the electrostatic potential at the
nanoparticle surface, which leads to a change in the corresponding 𝜒 (3).2, 3 The SHG signal remained
stable for added NaCl concentrations higher than 65 𝜇M, showing that aggregation does not occur at the
added dye concentrations of this study.

Figure A4.7. Second harmonic generation signal obtained from the addition of malachite green (red dots),
brilliant green (blue dots), methyl green (green dots), and rhodamine 110 (orange dots) to water. The
signals are shown to increase linearly, as expected for hyper-Raleigh scattering.
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Figure A4.8. SHG spectra of the colloidal 85 ± 7 nm gold nanoparticles at various (a) malachite green, (b)
brilliant green, (c) methyl green, and (d) rhodamine 110 concentrations.

Figure A4.9. Adsorption isotherm results (black dots) obtained from second harmonic generation
measurements as a function of (a) malachite green, (b) brilliant green, (c) methyl green, and (d)
rhodamine 110 concentrations adsorbed on the surface of 85 ± 7 nm gold nanoparticles 9.0 × 109
nanoparticles/mL. The experimental data are compared with the best fits from the modified Langmuir
model (dotted red lines).
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Figure A4.10. (a) SHG spectra of the colloidal 106 ± 7 nm gold-silver-gold core-shell-shell nanoparticles
at different NaCl concentration. (b) (red dots) 𝐸𝑆𝐻𝐺 as a function of the added NaCl concentrations. The
black dotted line is a guide to the eye.
A4.3 Additional Transient Absorption Data
Figure A4.11 (a) shows the Transient absorption spectra of 8 μM brilliant green adsorbed on the
surface of 85 ± 7 nm colloidal gold nanoparticles at a concentration of 9.6 × 109 nanoparticles/mL at
different time delays using 400 nm pump pulse excitation wavelength. (b) The transient absorption time
profiles of brilliant green adsorbed on the surface of gold nanoparticles measured at 480 and 600 nm are
shown in Figure A4.11 (b). Figure A4.11 (c) shows the decay spectra obtained using a sum of exponential
fits for the time-dependent transient absorption spectra of brilliant green adsorbed on the surface of gold
nanoparticles. Three lifetimes are needed to accurately describe the excited-state relaxation dynamics of
brilliant adsorbed on the surface of colloidal gold nanoparticles. These lifetimes are 0.71 ± 0.05 ps, 0.75 ±
0.04 ps, and 3.33 ± 0.07 ps. Figure A4.12 (a) shows the transient absorption spectra of 7 μM rhodamine
110 adsorbed on the surface of 80 ± 7 nm colloidal core-shell-shell nanoparticles at a concentration of
9. 6 × 109 nanoparticles/mL at different time delays using 400 nm pump pulse excitation wavelength.
The transient absorption time profiles of rhodamine 110 adsorbed on the surface of core-shell-shell
nanoparticles measured at 500 nm are shown in Figure A4.12 (b). The time-profile can be fit with a sum
of two exponential functions with a first lifetime longer than 10 ns and a second of 60 ± 8 ps.
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Figure A4.11. (a) Transient absorption spectra of 8 μM brilliant green adsorbed on the surface of 85 ± 7
nm colloidal gold nanoparticles at a concentration of 9.6 × 109 nanoparticles/mL at different time delays
using 400 nm pump pulse excitation wavelength. (b) Transient absorption time profiles of brilliant green
adsorbed on the surface of gold nanoparticles measured at 480 and 600 nm. (c) Decay spectra obtained
using a sum of exponential fits for the time-dependent transient absorption spectra of brilliant green
adsorbed on the surface of gold nanoparticles.
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Figure A4.12. (a) Transient absorption spectra of 7 μM rhodamine 110 adsorbed on the surface of 85 ± 7
nm colloidal core-shell-shell nanoparticles at a concentration of 9. 6 × 109 nanoparticles/mL at different
time delays using 400 nm pump pulse excitation wavelength. (b) Transient absorption time profiles of
rhodamine 110 adsorbed on the surface of core-shell-shell nanoparticles measured at 500 nm.
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APPENDIX 5 – ADDITIONAL CHARACTERIZATION OF TiO2-Au NANOCOMPOSITES

A5.1 Analysis of TEM Images
Figure A5.1 shows representative TEM images of the 9.9 ± 0.4 nm TiO 2 nanoparticles. The TiO2
nanoparticles have a significantly lower contrast under TEM compared to gold nanoparticles. The contrast
of the TEM images of the TiO2 nanoparticles is darkened for clarity. The TEM images are taken using a
JOEL 100CX microscope with carbon-coated copper grids. Figure A5.2 shows Histogram representing
the size distribution of the TiO2 nanoparticle sample. The experimental results are fit to a lognormal
function. Figures A5.3, A5.4, and A5.5 show representative TEM images of the 1:1, 1:2, and 1:3 TiO 2-Au
nanocomposites, respectively. Figure A5.6 show the histograms of the size distribution of the 1:1, 1:2,
and 1:3 TiO2:Au nanocomposite samples. The experimental results fit to a lognormal function. These
histograms show that the 1:1, 1:2, and 1:3 samples possess distinguishable size distributions.

Figure A5.1. Transmission electron microscopy images of the 9.9 nm ± 0.4 nm TiO 2 nanoparticles sample.
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Figure A5.2. Histogram representing the size distribution of the TiO2 nanoparticle sample. The
experimental results are fit to a lognormal function.

Figure A5.3. Transmission electron microscopy images of the 1:1 TiO 2-Au nanocomposites sample.
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Figure A5.4. Transmission electron microscopy images of the 1:2 TiO 2-Au nanocomposites sample.

Figure A5.5. Transmission electron microscopy images of the 1:3 TiO 2-Au nanocomposites sample.
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Figure A5.6. Histogram representing the size distribution of the 1:1, 1:2, and 1:3 TiO2:Au nanocomposite
samples. The experimental results are fit to a lognormal function.
The errors in the measured nanoparticle sizes are determined from the standard deviations after
surveying more than 400 nanoparticles. The sizes of the gold nanoclusters at the surface of TiO2
nanoparticles are estimated from the increases of the overall TiO 2 nanoparticle sizes. Table A5.1 lists the
nanocluster sizes 𝑠 determined by the TEM measurements given by the radius increase with 𝑠 = 𝑟𝑇𝑖𝑂2 −𝐴𝑢 −
𝑟𝑇𝑖𝑂2 where 𝑟𝑇𝑖𝑂2 −𝐴𝑢 is the average nanocomposite radius and 𝑟𝑇𝑖𝑂2 is the average radius of the TiO2
nanoparticles. The errors in the sizes of the gold nanoclusters adsorbed to the TiO 2 nanoparticle surface are
determined by error propagation from the standard deviations of the sizes of the TiO 2 nanoparticles and the
TiO2-Au nanocomposites.
A5.2 Phonon Analysis
The acoustic phonon oscillation frequencies from the different TiO 2-Au nanocomposites are
compared to three different size-dependent models that are based on free gold nanospheres, core-shell
nanoparticles, and free gold nanorods in order to assess the most likely description of the nancluster
morphology. In the first model, the gold nanoclusters are assumed to form perfect spheres tangentially
adsorbed at the TiO2 nanoparticle surface. In this case, the theoretical sizes of the gold nanospheres can be
calculated from the experimental values of the phonon oscillation frequenices using the solution of the
Navier equation given by 𝜔0 = 𝑅𝑒𝜉0 𝜈𝐿𝑠 /𝑟, where 𝜈𝐿𝑠 is the longitudinal sound velocity of the nanosphere,
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𝑟 is the radius of nanosphere, and 𝜉0 is the normalized frequency of the radial mode. 1 This model has been
successfully applied to free metallic nanospheres in water and embedded in glass.1, 2 The theoretically
predicted gold nanocluster radii calculated from the experimental values of the oscillation frequencies using
this model are shown in Table A5.1 for 𝜈𝐿𝑠 = 3240 m/s and 𝜉0 = 2.944 for the values for free gold
nanospheres.1 However, the radii of the nanoclusters calculated from this model are larger by almost a
factor of two compared to the sizes obatined from the TEM measurements, assuming this architecture. This
suggests that the gold nanoclusters on the TiO 2 surface are not perfect spheres tangentially attached to the
surface, but may be described by hemispherical nanoclusters adsorbed to the surface, especially at lower
gold concentrations.
In the second model of the acoustic phonon analysis, gold nanoclusters at the TiO2 nanoparticle
surface are assumed to have rod-like shapes. In this case, the lengths of the rods are calculated using an
equation given by2, 3 𝑇 = 2𝐿/√𝐸/𝜌, where 𝐸 is the Young’s modulus and 𝜌 is the density. The calculated
values of the gold rod lengths 𝐿 determined from the experimental values of the oscillation periods 𝑇 are
shown in Table A5.1 for 𝐸 = 42 GPa and 𝜌 = 19.7 g/cm3. These values deviate from the sizes determined
by the TEM measurements for the three TiO2-Au samples, so the nanoclusters are not well described using
the nanorod model.
In the final model of analysis, the TiO2-Au nanocomposites are assumed to have a core-shell
architecture. In this case, the theoretical sizes of the gold nanoshells are calculated from the experimental
values of the phonon oscillation frequenices using a model derived from the Helmholtz equation. 4 Here, the
equation of the size-dependent oscillation frequency is given by 𝜔0 =

2𝜈𝐿𝑆 𝛽𝑆
𝑅2

(3 − 4𝛽𝑆2 )1/2 , where 𝑅2 is the

sum of the core radius and the shell width, and 𝛽𝑆 is given by 𝜈𝑇𝑆 /𝜈𝐿𝑆 , where 𝜈𝐿𝑆 and 𝜈𝑇𝑆 are the longitudinal
and transverse sound velocities in the gold shell, respectively, according to the heavy shell approximation.
The calculated values of the shell widths 𝑤 are shown in Table A5.1 using the experimentally measured
phonon frequencies with 𝜈𝐿𝑠 and 𝜈𝑇𝑠 equal to 3240 m/s and 1200 m/s, respectively. The shell width 𝑤 equals
𝑅2 − 𝑅1 , where 𝑅1 is the core radius. The calculated values of 𝑤 are larger than the experimental results
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obtained by TEM, which indicates that the nanocomposites are not accurately described by a core-shell
architecture with a fully formed shell. However, previous studies suggest that very thin shells lead to larger
oscillation periods than expected due to an imhomogeneous and porous shell structure, which may be
consistent with the results reported here.
Table A5.1. The nanocluster sizes 𝑠 (𝑒𝑥𝑝𝑡) measured by TEM for the three TiO2-Au nanocomposite
samples compared to theoretical size predictions from the experimentally measured acoustic phonon
oscillations based on free gold nanospheres of radius 𝑟 (𝑠𝑝ℎ𝑒𝑟𝑒), free gold nanorods of length 𝐿 (𝑟𝑜𝑑),
and TiO2-gold core-shell nanoparticles of shell width 𝑤 (𝑠ℎ𝑒𝑙𝑙).

The TEM measurements and the corresponding acoustic phonon frequencies from the transient
absorption results from the TiO2-Au nanocomposites are compared to sizes calculated from analytical
models based on different nanocomposite architectures. Gold nanoclusters adsorbed to the TiO 2
nanoparticle surface can be described as hemispherical in shape. Alternatively, the gold nanoclusters can
aggregate on the surface to form a porous, imhomogeous shell. Individual hemispherical nanoclusters may
form at lower gold concentrations, and then the nanoclusters may interconnect with neighboring
nanoclusters to form extended porous shells at higher gold concentrations. More work is still needed to
accurately determine the morphologies, size distributions, and separation distances of the gold nanoclusters
adsorbed to the TiO2 nanoparticle surface.
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APPENDIX 6 – CHARACTERIZATION OF [Ru(bipy)3][BETI]2 NANOGUMBOS

A6.1 Characterization of GUMBOS and NanoGUMBOS
The [Ru(bipy)3][BETI]2 GUMBOS are characterized using nuclear magnetic resonance (both 1HNMR and
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F-NMR), mass spectrometry, X-ray diffraction (XRD), X-ray crystallography,

thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC). The [Ru(bipy) 3][BETI]2
nanoGUMBOS are additionally characterized using transmission electron microscopy (TEM), ultravioletvisible absorption spectroscopy, and fluorescence spectroscopy. The chemical structures of ruthenium(II)tris-(2,2’-bipyridine) and bis(pentafluoroethylsulfonyl)imide that make up the [Ru(bipy)3][BETI]2
nanoGUMBOS are shown in Figure A6.1. The 1H-NMR spectra of the [Ru(bipy)3][BETI]2 GUMBOS in
dimethyl sulfoxide are performed using a Bruker Avance 400 MHz NMR spectrometer and show peaks at
δ 8.83 (d, J= 7.96Hz, 6H), 8.17 (t, J=7.32, 6H), 7.72 (d, J=5.68 Hz, 6H), and 7.53 (t, J=6.18, 6H). Similarly,
the 19F-NMR spectra show peaks at δ −117.64 and −79.33. Mass spectrometry is performed using a Bruker
Ultraflextreme MALDI TOF mass spectrometer to measure the mass to charge ratios of 570 amu for the
cation and 380 amu for the anion, as expected for these molecular ions. The X-ray diffraction pattern of the
GUMBOS, shown in Figure A6.2, displays many sharp lines illustrating the high crystallinity of the sample.
Additionally, X-ray crystallography is performed to determine that the crystal structure has monoclinic
symmetry with a C2/c space group. The a, b, and c cell lengths are determined to be 24.4334 Å, 15.4669
Å, and 17.4480 Å, respectively, with a total cell volume of 4734.7 Å3. The alpha, beta, and gamma cell
angles are 90 degrees, 134.105 degrees, and 90 degrees, respectively.
Thermogravimetric analysis using a Hi Res Modulated TGA 2950 shows that the
[Ru(bipy)3][BETI]2 GUMBOS have high purity and thermal stability. The sample is heated from room
temperature to 600 oC at the rate of 10 oC min-1, with the TGA plot shown in Figure A6.3 revealing a very
high decomposition temperature of around 385 oC, compared to several decomposition temperatures near
100 oC, 140 oC, 330 oC, and 380 oC for [Ru(bipy)3]Cl2∙6H2O.1 The thermal phase transition characteristic
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of the [Ru(bipy)3][BETI]2 GUMBOS is studied with a Q100 differential scanning calorimeter (DSC, TA
instruments, New Castle, DE). A few milligrams of the GUMBOS is weighed in an aluminum crucible and
sealed with an aluminum lid. The sample is scanned from −40 oC to 250 oC with a rate of 5 oC min-1 under
a nitrogen flow of 50 mL min-1. Figure A6.4 shows that the GUMBOS display a very sharp melting point
peak at 230 oC with no evidence of a glass transition peak, demonstrating that the compound is highly
crystalline and free of impurities. This contrasts with previous differential scanning calorimetry
measurements on [Ru(bipy)3]Cl2∙6H2O which show several broad peaks between 100 oC and 400 oC. The
melting point of the GUMBOS measured using MPA 160 and MPA 161 DigiMelt SRS systems is consistent
with the melting point determined from differential scanning calorimetry.

BETI
Ru(bipy)3
Figure A6.1. Chemical structures of the Ru(bipy)32+ and BETI− molecular ions.

Figure. A6.2. Powder X-ray diffraction pattern of [Ru(bipy)3][BETI]2 GUMBOS.
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Figure A6.3. TGA plot for [Ru(bipy)3][BETI]2 GUMBOS.
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Figure A6.4. DSC plot for GUMBOS showing a sharp melting peak.
Transmission electron microscopy of nanoGUMBOS is obtained using a Dulong America’s
LVEMS Benchtop TEM to measure the size distribution and morphology of the nanoparticles. Aliquots
of 4 µL from the nanoGUMBOS aqueous solutions, prepared under different ultrasonication conditions as
described in the chapter 6, are placed on separate carbon-coated copper grid and air-dried at room
temperature overnight. TEM images, shown in Figure A6.5 (a), (b), and (c), determine the nanoparticles
to be spherical in shape with size distributions of 97 nm  19 nm, (b) 56 nm  13 nm, and (c) 23 nm  5
nm, respectively.
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Figure A6.5. Transmission electron microscopy (TEM) images of the [Ru(bipy)3][BETI]2 nanoGUMBOS
prepared under varying ultrasonication conditions showing size distributions of (a) 23 nm  5 nm, (b) 56
nm  13 nm, and (c) 97 nm  19 nm, respectively.
Ultraviolet-visible absorption spectra of 70 M aqueous Ru(bipy)3Cl2 and the [Ru(bipy)3][BETI]2
nanoGUMBOS in water are displayed in Figure A6.6. The [Ru(bipy)3][BETI]2 nanoGUMBOS are
prepared to have the same overall ruthenium bipyridine concentrations of 70 M for direct comparisons
with the aqueous Ru(bipy)3Cl2 measurements. The nanoGUMBOS and dye solutions show similar peaks,
with the high energy peak at 290 nm assigned to the ligand to ligand (LL) -* transition while the
second peak near 455 nm is ascribed to the singlet metal to ligand charge transfer (MLCT) (d-*)
transition. The molar extinction coefficients decrease significantly in nanoGUMBOS, possibly due to
molecular confinement and optical shielding of internal molecules in the central volume of the
nanoGUMBOS by molecules closer to the surface.
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Figure A6.6. Absorption spectra of aqueous Ru(bipy)3Cl2 (black line) and [Ru(bipy)3][BETI]2
nanoGUMBOS with average sizes of 23 nm (red line), 56 nm (blue line), and 97 nm (green line).

A6.2 Transient Absorption Time Profiles and Fits

Figure A6.7. Time-dependent transient absorption spectra of 0.4 mM aqueous Ru(bipy) 3Cl2 measured at
450 nm at various pump pulse energies. The data are fit using bi-exponential functions.
Figure A6.7 shows the transient absorption ground-state depletion time profiles of aqueous
Ru(bipy)3Cl2 using excitation with 400 nm pump pulse energies of 20, 32, and 40 μJ. The spectra are
normalized for clarity. The relaxation decays are fit using bi-exponential functions of the form 𝑦0 +
𝑡
𝜏1

𝑡
𝜏2

𝐴1 exp (− ) + 𝐴2 exp (− ) to obtain the lifetimes and amplitudes of the fits, which are given are
Table A5.1. These relaxation decays are attributed to excited states of Ru(bipy) 32+ that are accessible
through multi-photon processes that are only observed at higher pump pulse energies. The values of the
lifetimes and the ratio of A1/A2 at different pump pulse energies remain fairly constant to within
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experimental uncertainty. These lifetimes are similar to the ones obtained from transient absorption on the
size-dependent [Ru(bipy)3][BETI]2 nanoGUMBOS, signifying that these are the same states involved in
the relaxation dynamics.
Table A6.1. Time constants and amplitudes obtained from fitting the ground-state depletion decays using
bi-exponential functions at various excitation energies.

Figures A6.8, A6.9, and A6.10 display representative transient absorption time profiles of the 23
nm, 56 nm, and 97 nm [Ru(bipy)3][BETI]2 nanoGUMBOS, respectively, at probe wavelengths of 420 nm,
430 nm, and 455 nm, after the baseline shifts are subtracted. All transient absorption time profiles are fit
𝑡

𝑡

𝑡

𝑇1

𝜏2

𝜏3

to the functions 𝐴1 exp (− ) + 𝐴2 exp (− ) + 𝐴3 exp (− ) where 𝐴𝑖 and 𝜏𝑖 are the amplitudes and
lifetimes of the 𝑖𝑡ℎ dynamical process, respectively,3 for each wavelength for each nanoGUMBOS
sample, as described in the manuscript. The relative contributions for each fit for the time profiles for the
different nanoGUMBOS samples are shown in Figures A6.8, A6.9, and A6.10, along with the total fits.
The lifetimes 𝜏1 , 𝜏2 , and 𝜏3 are attributed to the non-standard triplet metal centered complex, the nonstandard triplet metal to ligand charge transfer complex, and intermolecular energy transfer, respectively.
The amplitudes vary with wavelength to determine the decay spectra for each lifetime, shown in Figure
A6.6 of the manuscript. The time constants obtained from fits of transient absorption of the
nanoGUMBOS are listed in Table A6.2.
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Figure A6.8. Representative time profiles of 23 nm [Ru(bipy)3][BETI]2 nanoGUMBOS measured at
probe wavelengths of (a) 420 nm, (b) 430 nm, and (c) 455 nm. The experimental data are fit using a sum
of multiple exponential functions and individual plots are generated as a function of pump-probe time
delay.
A6.3 Phonon Analysis of [Ru(bipy)3][BETI]2 NanoGUMBOS
The time-dependent differences between the experimental measurements and the
multiexponential best fits for the nanoGUMBOS contain the phonon oscillations for additional analysis.
Figure A6.11 shows the residual oscillations of the phonons that are fit using a sinusoidal function given
𝑡
𝜏4

by 𝐼(𝑡) = 𝑦0 + 𝐴𝑒𝑥𝑝 (− ) sin(2𝜋𝑓𝑡 + 𝜑), where f, φ, and τ4 are the frequency, the phase shift, and
phonon lifetime, respectively. The curves are offset for clarity. These oscillations are measured at 445 nm
for the best signal to noise, although the same phonon lifetimes and frequencies are observed at all
wavelengths, to within experimental uncertainty. Figure A6.12 shows the residual transient absorption
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signal oscillations from the three nanoGUMBOS samples between the pump-probe time delay of 900 ps
and 2000 ps at higher temporal resolutions with the corresponding sinusoidal fits. The oscillation periods,
phase shifts, and phonon lifetimes for the different nanoGUMBOS sizes are shown in Table A6.3. These
values are consistent between the lower temporal resolution scans, shown in Figure A6.11, and the higher
temporal resolution scans, shown in Figure A6.12, to within experimental uncertainty.

Figure A6.9. Representative time profiles of 56 nm [Ru(bipy)3][BETI]2 nanoGUMBOS measured at
probe wavelengths of (a) 420 nm, (b) 430 nm, and (c) 455 nm. The experimental data are fit using a sum
of multiple exponential functions and individual plots are generated as a function of pump-probe time
delay.
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Figure A6.10. Representative time profiles of 97 nm [Ru(bipy)3][BETI]2 nanoGUMBOS measured at
probe wavelengths of (a) 420 nm, (b) 430 nm, and (c) 455 nm. The experimental data are fit using a sum
of multiple exponential functions and individual plots are generated as a function of pump-probe time
delay.
Table A6.2. Time constants obtained from fits of spectrally-resolved transient absorption time profiles from
[Ru(bipy)3][BETI]2 nanoGUMBOS using a sum of exponential functions.
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Figure A6.11. Residual signals from the transient absorption time profiles after subtracting the
multiexponential best fits, showing the phonon oscillations for the different nanoGUMBOS sizes, along
with the corresponding fits.

Figure A6.12. Residual signals from the transient absorption time profiles of the (a) 23 nm, (b) 56 nm,
and (c) 97 nm nanoGUMBOS after subtracting the corresponding multiexponential best fits, showing the
phonon oscillations under higher temporal resolution along with the corresponding fits.
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Table A6.3. Size-dependent acoustic phonon oscillation periods, phase shifts, and phonon lifetimes of the
[Ru(bipy)3][BETI]2 nanoGUMBOS.

The frequencies of the phonon oscillations can be fit using a model based on the size-dependent
force constant of the nanocrystals.4 The size-dependent frequencies can be written as a function of the
size-dependent bond energy and bond length, where structural properties and thermodynamic parameters
play an important role on the size-dependent phonons. The vibration frequency of bulk crystals 𝜔𝑏 can be
written as
𝜔𝑏 = 𝑐2 × (

𝜀 1
)2
ℎ2

where 𝜀 is the bond energy, ℎ is the bond length, and 𝑐2 is a constant. The size-dependent frequency 𝜔(𝑑)
can be written as
𝜀(𝑑) 1
𝜔(𝑑) = 𝑐2 [
]2
ℎ(𝑑)2
where 𝑑 the diameter of the nanoparticles, 𝜀(𝑑) is the size-dependent bond energy, and ℎ(𝑑) is the sizedependent bond length. The ratio of the size-dependent frequency to the vibration frequency of bulk
crystals is given by
𝜔(𝑑)
ℎ
𝜀(𝑑)
√
=
𝜔𝑏
ℎ(𝑑)
𝜀
with,
ℎ
=
ℎ(𝑑)

1
1±

3 𝜅𝑑0 ℎ𝑆𝑣𝑖𝑏 𝐻𝑚 𝑇 2
√
2𝑑
𝑅𝑉𝑐 𝑇𝑚2
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where 𝜅 is the compressibility of the crystal, 𝑑0 is the critical size, 𝑆𝑣𝑖𝑏 is the vibrational entropy, 𝐻𝑚 is
the enthalpy at the melting point 𝑇𝑚 , 𝑉𝑐 is molar volume of the crystal, and 𝑅 is the ideal gas constant.
The ± sign is carried during the derivation from the expression of the surface stress of the nanocrystals
with

8𝜅𝑓2
3𝛾0

= 𝑑0 , where 𝛾0 is the bulk value of the excess free energy.5 𝛾0 is approximated using the

Gibbs-Thomson equation.6 Both positive and negative values of the stress are possible depending on the
interface structure of the nanocrystals, which can result in either lattice expansion or lattice contraction,
respectively. The ratio of 𝜀(𝑑) to 𝜀 can be written as
6𝛾𝑠 𝑉𝑐
𝜀(𝑑) 1 − 𝐸𝑑
=
𝑛 𝑑
𝜀
1− 𝑠 0
𝑛 𝑑
where 𝛾𝑠 is the excess surface free energy of the crystal, 𝐸 is the cohesion energy of one molar crystal, 𝑛
is the coordination number of an atom or molecule in the bulk crystal, and 𝑛𝑠 is the decrease of surface
coordination number compared to 𝑛.
Figure A6.13 shows the fitting of the experimental results of 𝜔(𝑑)/𝜔𝑏 as a function of the
nanoparticle diameter 𝑑 using this model, showing good agreement. The value of ℎ estimated from the
crystal structure is 0.52 nm. The melting point Tm of the nanoGUMBOS used in the fit is 503 K. 𝑉𝑐 is
determined from the ratio of the molar mass of [Ru(bipy)3][BETI]2 to the density of the unit cell to be
2845 cm3.mol-1. 𝑛𝑠 /𝑛 is determined for a monoclinic crystal structure to be 0.5. The other values used in
the phonon fit are estimated to be approximately equal to the values provided in reference 3 while
providing the best fit for the experimental data with κ = 0.5 × 10−10 Pa−1 , d0 = 3.12 nm, Svib =
10 J. g − atom−1 K −1 , Hm = 100 × 103 J. mol−1 , γs = 0.5 J. m−2 , E = 400 × 103 J. mol−1 , and ωb =
0.0074 ps −1 .
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Figure A6.13. Ratio of the size-dependent frequency to the bulk frequency of [Ru(bipy)3][BETI]2
nanoGUMBOS as a function of nanoparticle size. The experimental data are fit using a model based on
the size-dependent force constant of the nanocrystals.
The crystalline nanoGUMBOS are held together by relatively weak electrostatic and van der
Waals forces, so it is very likely that the effects of the bulk and shear viscosity on the surface are more
significant compared to closely-packed metallic or semiconductor nanoparticles, such as gold, silver, and
titanium dioxide, which have much stronger bonding throughout the crystalline material. Additionally, the
strong interaction of the nonpolar molecules at the nanoGUMBOS surface with the polar water solvent is
expected to lead to lattice contraction, which is described using the negative sign in the equation for the
size-dependence bond lengths. This model is shown to be an accurate description of the observed sizedependent phonon frequencies of these crystalline nanoGUMBOS, suggesting that significant surface
stress due to the interaction with the aqueous solvent results in a size-dependent lattice contraction and the
anomalous trend where phonon frequencies increase with increasing nanoparticle size. We have also
analyzed these nanoGUMBOS in D2O and have preliminary data which are consistent with our
hypothesis of this phenomenon. Further studies are underway in D 2O and changing pH conditions and
these observations will be reported in a subsequent manuscript.
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APPENDIX 7 – SYNTHESIS AND CHARACTERIZATION OF PORPHYRIN-BASED
NANOGUMBOS

A7.1 Materials
Zinc (II) meso-tetra(4-carboxyphenyl)porphyrin (acid form) was purchased from Frontier
Scientific, Inc. (Logan, UT, USA). Trihexyl(tetradecyl)phosphonium chloride ([P66614][Cl]) was
purchased from Sigma-Aldrich (St. Louis, MO, USA). The reaction scheme of the [M-TCPP][P66614]
GUMBOS is shown in Figure A7.1.

Scheme A7.1 Reaction scheme of the synthesis of [M-TCPP][P66614] GUMBOS.

Scheme A7.2 Scheme shown the synthesis of colloidal nanoGUMBOS in water from the GUMBOS in
ethanol.
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A7.2 Absorbance and Fluorescence Spectra
The absorbance spectra of TCPP molecular dye and [TCPP][P66614] 4 nanoGUMBOS are shown
in Figure A7.1. The Soret band is centered at 413 nm and 421 nm for TCPP dye and [TCPP][P66614] 4
nanoGUMBOS respectively. The absorbance spectra of Zn-TCPP molecular dye and [ZnTCPP][P66614]4 nanoGUMBOS are shown in Figure A7.2. The Soret band is centered at 420 nm and 435
nm for Zn-TCPP dye and [Zn-TCPP][P66614]4 nanoGUMBOS respectively. The Q bands are centered
after 500 nm for all the dyes and the nanoGUMBOS.
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Figure A7.1. Absorbance spectra of (red line) 10 μM TCPP molecular dye and (blue line) 10 μM
[TCPP][P66614]2 nanoGUMBOS.
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Figure A7.2. Absorbance spectra of (red line) 10 μM Zn-CPP molecular dye and (blue line) 10 μM [ZnTCPP][P66614]2 nanoGUMBOS.
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The fluorescence spectra of TCPP molecular dye in water and [TCPP][P66614] 4
nanoGUMBOS in water are shown in Figure A7.3. TCPP dye possesses a high intensity
fluorescence band centered at 640 nm and a lower intensity band centered at 720 nm. In the case
of [TCPP][P66614]4 nanoGUMBOS, the first low wavelength band is enhanced and red-shifted to
660 nm. The second higher wavelength band is red-shifted to 725 nm. The fluorescence spectra of
Zn-TCPP molecular dye in water and [Zn-TCPP][P66614]4 nanoGUMBOS in water are shown in
Figure A7.4. Zn-TCPP dye possesses a high intensity fluorescence band centered at 610 nm and a
lower intensity band centered at 660 nm. In the case of [TCPP][P66614] 4 nanoGUMBOS, the first
low wavelength band is quenched and red-shifted to 625 nm. The higher wavelength band is
enhanced and red-shifted to 680 nm.
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Figure A7.3. Fluorescence spectra of (red line) 10 μM TCPP molecular dye in water and (blue line) 10
μM [P66614][Zn-TCPP] colloidal nanoGUMBOS after excitation at 420 nm.
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Figure A7.4. Fluorescence spectra of (red line) 10 μM Zn-TCPP molecular dye in water and (blue line) 10
μM [P66614][Zn-TCPP] colloidal nanoGUMBOS after excitation at 420 nm.
A7.3 TEM Images

Figure A7.5. TEM images of (a) 49 nm [TCPP][P66614]4 nanoGUMBOS , (b) 52 nm [ZnTCPP][P66614]4 nanoGUMBOS.
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